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ABSTRACT: Heat supply to buildings is a common necessity in any modernized community that experiences cold or 
cool seasons for providing space heating and hot water. This energy service demand contributes to large share of the 
total energy demand of the built environment, which is growing with increased urbanization, and it can be responsible 
for majority of the total energy consumption of residential and commercial sectors in societies experiencing cold 
winters. The heat supply system paradigm in Japan is based on individual room-based, forced air heating units that rely 
on imported fossil fuels such as kerosene, natural gas and fossil fuel-based grid electricity. The heat supply system 
paradigm is therefore a major culprit in emitting anthropogenic greenhouse gases causing climate change with 
additional environmental impact due to exploration and shipping of massive loads of fossil fuel for importation. The 
heat supply system is also highly inefficient from thermodynamic perspective as high quality fuel, i.e. fossil fuel, is 
used to provide low quality heat for buildings, causing massive degradation of the energy flow. 
The aim of this thesis is to address the sustainability issues of the prevailing heat supply system paradigm and to 
propose a district heating system as an alternative and investigate its potential in the context of sustainable 
development. The research builds on the notion that the thermodynamic property exergy is a key indicator for achieving 
high performance heat supply due to its attractive characteristics of linking together energy, environment and 
sustainability.  
The scope of the study involves case specific design and operation analysis of district heating system and 
comparison with the heat supply paradigm of Japan. The analysis covers 1st and 2nd law of thermodynamics as well as 
economical perspective. The study was conducted through three specific research tasks. The first one involves advanced 
comparative analysis of the Japanese heat supply system paradigm and state of the art district heating system using 
exergoeconomic analysis, which links together exergy and system cost, for assessing the cost allocation of 
thermodynamic inefficiencies and the cost effectiveness of thermodynamic improvement potential. The second task 
builds on the post-analysis of the first task, which speculates high performance heat supply achievement, and is about 
design and operation analysis of a low temperature district heating system. A multi period geographical information-
based design and operation model was developed for this purpose, accommodated with thorough energy and exergy 
analysis. The third research task involves cost optimal planning and cost assessment of a district heating system in order 
to investigate its economic competitiveness. For that purpose geographical information based deterministic 
superstructure mixed integer linear programming (MILP) model was developed. All case studies were conducted with 
Hirosaki city as target area, located in Aomori, the northernmost prefecture of Honshu, the mainland of Japan. 
The results show that district heating system is more cost effective way of heat supply than the conventional heat 
supply system. This is due to economic synergy effect through co-production of space heating and hot water, less 
destruction of exergy at high cost, economy of scale of the distribution network and heat plants, as well as integration 
potential of local low cost renewable and waste heat sources. That includes woody biomass, geothermal, sewage sludge 
and municipal solid waste incineration waste heat. The district heating system has furthermore considerable 
thermodynamic improvement potential by decreasing the operation temperature of the system, integrating low exergy 
heat sources and use combined heat and power (CHP) production units rather than heat only. 
Using top-down exergy based district heating system model shows however that low temperature heating might 
not be feasible option for Japanese buildings at cold temperatures (approx. below -4°C), especially large public and 
commercial buildings, due to insufficient thermal output of the radiating panels. Low temperature operation of the 
district heating system shows however great potential for high performance heat supply. It results in less heat loss from 
the distribution network that leads to less heat production, and the increased hydraulic power demand due to increased 
mass flow is only minor in comparison. It has also positive impact on the biomass based CHP with increased electric 
power generation at lower distribution network supply temperature. The operation shows however signs of major 
increase in bypass flow at low heat load conditions and needs to be taken into the equation when selecting the optimal 
network supply temperature. Low temperature operation shows great potential for energy savings on whole system 
basis compared to state of the art medium temperature operation and the conventional existing heating system. 
The deterministic superstructure MILP model provides the cost optimal topological layout and size of the 
distribution pipeline network as well as optimal dispatch and size of heat plants candidates of the target area. A case 
based cost assessment shows that district heating system provides cost competitive integration of renewable energy 
sources including woody biomass for heat generation compared to natural gas-based heat production and the existing 
individual building-based heating units. It furthermore shows tremendous CO2 emission reduction potential compared 
to the existing system. Comparing the system cost of low temperature and medium temperature district heating 
operation shows that the energy savings of the low temperature operation is not enough to compensate the increased 
cost of the pipeline network due to increased mass flow requirement. 
Despite Japan being highly technologically advanced country its heat supply system is lacking from thermal 
comfort, system planning and sustainability standpoints. The findings presented in this thesis provide valuable 
information and methods for reforming the community heat supply system. Applying bottom-up exergy based district 
heating system planning approach shows considerable potential for high performance heat supply supporting 
sustainable and low carbon development of communities. The results imply that external conditions in northern Japan 
are feasible for district heating system introduction in terms of heat load, city structure, and locally available heat 
sources making a low temperature heating system a socio-economic attractive option. Improvement of building 
insulation standards might be required to make low temperature heating a feasible option but that is only to the benefit 
of the whole system; providing energy conservation and enabling integration of low temperature heat sources with 
positive impact on conversion technologies. 
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Nomenclature 
Abbreviations 
CHP Combined heat and power 
DHN District heating network 
DHS District heating system 
DHW Domestic hot water 
ESCO Energy service company 
EUI Energy use intensity 
GIS Geographical information system 
GW Ground water 
HDD Heating degree days 
HE Heat exchanger 
HOB Heat only boiler 
HWHE Hot water heat exchanger 
LT Low temperature 
MILP Mixed Integer Linear Programming 
MSW Municipal solid waste 
MT Medium temperature 
O&M Operation and maintenance 
RFHS Radiating floor heating system 
SH Space heating 
WH Water heating 
HTP High temperature part 
LTP Low temperature part 
 
Thermodynamic model 
Parameters 
A [m2] Area (Floor or heat exchanger) 𝐵 [W] Exergy rate 
c [$/GJ] Average cost per unit of exergy 
C [$] Cost 
cp [J/(kg-K)] Specific heat capacity 𝐶 [$/h] Cost rate of exergy stream 
CRF - Capital recovery factor 
D,d [m] Pipe diameter 
FPE, FPE - Primary energy factor 
f - Friction factor/Exergoeconomic factor/Fin coefficient 
h [W/m2K] Convective heat transfer coefficient 
HDD [°C-days] Heating degree days 
HH - Number of households 
k [W/mK] Thermal conductivity 
ks [m] Roughness factor 
kh [darcy-m] Permeability factor 
L [m] Pipe length 
LF - Load factor 
M [m] On-centre tube spacing 
ṁ [kg/sec], [m3/sec] Mass flow 
NU - Nusselt number 
p [Pa] Pressure 
Pr -	 Prandtl number 
PEC [$] Purchased equipment cost 
PV [$] Present value 
Q [J], [Wh] Energy 𝑄 [W] Energy rate 
q [W/m2] Area based heat load 
R [mK/W], [m2K/W] Thermal resistance 
Red - Reynolds number 
r - Relative cost difference 
S -	 Mass flow ratio 
T [K] (°C if specified) Temperature 
U [W/m2K]  Overall heat transfer coefficient 𝑊 [W] Work/Electricity rate 
x [m] Panel layer thickness 
Y [m] Net tube spacing 𝑍 [$/h] Cost rate of monetary stream 
 
Greek symbols 
η - Energy efficiency 
ψ - Exergy efficiency 
θ [°C] Temperature, Outdoor temperature 
ρ [kg/L], [kg/m3] Water density 
τ [hr] Annual operating hours 
φ - Fuel exergy grade factor 
ω [m3/sec] Volumetric flowrate 
δ [m] Plate thickness 
Δ - Difference / Destruction / Loss 
κ - Unit exergy cost 
 
 
 
Subscripts & Superscripts 
0 Design / Reference conditions 
1 Primary side 
2 Secondary side 
aux Auxiliary 
ave Average	
b Building	
c Panel surface cover 
cf Convective heat flux 
CI Capital investment 
Com Commercial sector 
con Consumption 
cw Cold water stream 
e Exit	
el Electricity	
D Design 
DH District heating 
ele Electricity 
en Envelope 
eq Equivalent diameter of the district network 
f Fuel / fouling 
FH Floor heating 
floor Floor cover	
fs Floor surface 
g Ground	
gen Generation	
geo Geothermal 
h Heat 
hi/ci Inlet of hot and cold stream 
HL heat loss 
ho/co Outlet of hot and cold stream 
hw Hot water stream 
hyd Hydraulic	
i  Input, Node i, Indoor 
ihd In-house distribution 
i,j Edge between adjacent nodes i and j 
in Indoor	
ins Insulation	
j Node j	
k Building notation 
lev Levelized 
lm Log-mean 
m Average temperature. 
n Layer notation, Number of years 
OM Operation and maintenance 
o Outside	
os Other surface 
P Product 
PE Primary energy 
p Panel	
q Heat 
r Return, Room air	
rad Radiator	
Res Residential sector 
ret Return 
rev Reversed direction 
rf Radiation heat flux 
s Supply	
sub Substation 
sup Supply 
sys System	
t Time step notation 
tap Tap water	
th Thermal, Threshold	
tm Transmission line 
tot Total	
w Water	
z Boundary location 
 
Mixed integer linear programming model 
Parameters 
 
ccivil [JPY/m] Specific cost of pipeline civil work 
cel [JPY/kWh] Cost of grid electricity 
celSal [JPY/kWh] Price of sold electricity 
cfuel [JPY/kWh] Cost of fuel 
cpipe [JPY/m] Specific cost of pipe 
ctec [JPY/kW] Capacity dependent cost of technology 𝑐'()*+, [JPY] Fixed cost of technology independent of capacity 
d [m] Pipe inner diameter 
k [W/m] Linearization coefficient for pump power as a function of flow velocity 
l [m] Length of pipe segment 
lc [kW] Lower capacity limit of technologies 
M - Sufficiently large number 
net - Adjacency matrix indicating possible node connection 
omcfix [JPY/kW] Power specific operation and maintenance cost 
omcvar [JPY/kWh] Energy specific operation and maintenance cost 
phr - Power-to-Heat ratio 𝑞./01 [kW] Heat demand at node i 
qloss [kW/m] Heat loss in pipeline 
uc [kW] Upper capacity limit of technologies 
y - Heat plant host candidate nodes 
α - Capital recovery factor 
Δθ [K] Supply and return temperature difference 
θo [K] Outdoor temperature 
θpipe,ave [K] Average flow temperature in pipeline 
ηth - Thermal efficiency 𝜏3 [Hours] Frequency of bin 
ξpipe [m K/W] Heat transfer resistance of pipeline 
 
 
Continuous variables 
 
Cfuel [JPY] Fuel cost 
Cpump [JPY] Cost of electricity for pumping power C567789:; [JPY] Income from sold electricity to grid H [kW] Heat transfer in network 
ICpipe [JPY] Investment cost of piping network 
ICplant [JPY] Investment cost of heat plants 
OMCplant [JPY] Operation and maintenance cost of heat plants 
Pch [kW] Power generation of heat plant 
Ppump [kW] Electric power for pump Q>? [kW] Heat generation of heat plant Q@6A [kW] Heat supplied to distribution network 
Sch [kW] Capacity of heat plant 
V [m/s] Water velocity in pipe 
Z [JPY] Total cost 
 
 
Binary variables 
 
B  Technology selection; 
D  Pipeline diameter selection; 
X  Pipeline existence; 
 
 
Sets 
 
i  node; 
j  node; 
p  number of period; 
r  pipe size; 
t  technology options;  
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1 Introduction 
This chapter provides a brief background to the research work presented in this thesis. It 
presents the motivation for carrying out this research work as well as establishing the 
research questions, objective and research aim. Finally it presents the outline of this thesis 
while giving the content of each chapter a brief description.  
1.1 Background and motivation 
The world is facing one of the toughest challenges it has ever stood against. While more 
and more economies are emerging from undeveloped towards developed status associated 
with increase in energy demand due to increased urbanization and commercialization, the 
thread and distressing impact of climate change due to anthropogenic greenhouse gas 
emissions lingers over the global community. Scientists agree that in order to avoid 
irreversible climate change, the increase of average global temperature should be limited to 
1.5~2°C relative to pre-industrial levels (IPCC 2014). At the start of COP21 in Paris (in 
December 2015) a comprehensive agreement on how to go about achieving this goal and how 
to divide responsibility between nations is not in sight. One thing is for certain however, all 
nations need to participate and make some reform on their fossil fuel based energy supply 
system in order to be successful.  
Due to urbanization and shifting of jobs from agriculture towards commerce and 
industry, people are spending more and more time indoors on average. This has resulted in 
considerable increase in the share of building sector’s total energy consumption relative to 
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industry and transportation. Globally the building sector, consisting of residential and 
commercial buildings, accounts for approximately 30% of final global energy consumption 
(U.S. Energy Information Agency 2013). This share of course varies with regional 
characteristics. The share of building sector of the total energy consumption of Japan is 
consistent with the global value or approx. 34% (The Energy Concervation Center 2011). The 
share of space heating and hot water of the total building sector energy consumption is 43% 
for whole Japan. This share varies considerably between the south, central and north parts of 
Japan given its geographical shape, stretching from south to north. In Tohoku region, 
northern part of Japan, where winter gets relatively cold, space heating and hot water account 
for 66% of the annual energy consumption of the building sector (The Energy Data and 
Modelling Center Japan 2014).  
The Japanese energy system is highly dependent on fossil fuels, making Japan the 
world’s largest importer of natural gas and second largest importer of oil and coal after USA 
and China respectively. Along with high industrial development in Japan and big population 
this makes Japan the fifth largest CO2 emitting nation in the world. The heat supply system of 
buildings is no exception to the high fossil fuel dependency and given its large share of the 
total nation’s energy consumption there is a big CO2 reduction potential by reconstructing the 
heat supply system towards increased sustainability. 
In addition to large fossil fuel dependency and large share of greenhouse gas emissions, 
there is a big issue with the thermodynamic quality mismatch between supply sources and 
heat demand of the building sector. Fossil fuels are a high-grade energy sources meaning that 
their energy value is of high quality regardless of environmental conditions. For example for 
providing space heating, fossil fuel (often gas or kerosene) is converted from mechanical 
energy to thermal energy in a combustion process. The thermal energy is used for providing 
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space heat demand in the range of 18-22°C, which is considered as a low quality energy 
demand due to the low temperature. In thermodynamic terms the quality of energy is 
described using a property called exergy, which accounts for degradation of the energy 
through irreversible processes that is not detected by just looking at the energy flow. In that 
sense, although the conversion technologies have reached high energy efficiency in recent 
decades (80-90% for heat generation), the same does not go for the exergy efficiency, stating 
how much of the potential work of the energy input is actually being used.  
Rosen and Dincer have demonstrated how exergy acts as a link between energy, 
environment and sustainability (Dincer and Rosen 2013). Their logic is based on the notion 
that exergy efficiency is the approach to ideal. Therefore with zero exergy loss there is no 
impact on the environment through waste emission or entropy generation and the process 
becomes completely sustainable because 100% exergy efficient processes are by theory 
reversible. In other words, achieving high exergy performance will have positive impact on 
energy efficiency, environmental impact and sustainable development. Using exergy 
principles as a design criterion of an energy system can therefore be highly beneficial. 
Number of researchers has used this desirable characteristic of exergy for developing 
sustainable energy systems. For example did Gong apply the exergy concept for improving 
industrial energy systems (Gong 2004) and Jansen applied the exergy concept for developing 
high performance energy supply system for the built environment (Jansen 2013). 
District heating system is a proven and effective alternative to distributed building based 
heat generation systems. In simple terms, it delivers heat from centralized heat sources 
through distribution pipe networks to buildings requiring space heating and hot water. The 
system benefits from economy of scale and synergy effect as many users are using the same 
heat source generating heat for both space heating and hot water. It also enables use of 
4 
 
localized heat sources such as waste heat from industrial and power plants and provides fuel 
flexibility for heat source. The main barriers for district heating system installation is 
complex planning for existing communities and cost competitiveness due to the high initial 
investment cost for the distribution network and building installation as well as heat loss from 
the distribution network. 
 Researchers have started to further advance the concept of district heating system by 
introducing the 4th generation heating system (Lund et al. 2014). With that, researchers seek 
to integrate the district heating system with low exergy principles in an attempt to increase 
the relevance and potential role of district heating systems in future renewable energy 
systems. The key characteristics of the new generation are low temperature operation, use of 
low temperature heat sources, integration with a smart energy system and low-energy space 
heating, cooling and hot water systems in building installations. In theory these new 
operation characteristics address the main introduction barrier of district heating system 
through socio-economic benefits as well as high performance due to less heat loss and 
improved exergy matching. 
1.2 Research framework 
1.2.1 Problem statement 
The heat supply system paradigm is facing several challenges that are in need for 
attention. The heat supply system is highly reliant on imported fossil fuel that is refined into 
high-grade energy fuels that are utilized in building or room based energy conversion 
technologies. The high-grade fuel leads to large degradation of the energy, giving the low 
quality energy demand. This makes the current heat supply system uneconomical as 
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enormous amount of currency is spent to import fuel, carbon heavy as the supply sources are 
almost completely derived from fossil fuel and wasteful of useful energy as majority of the 
exergy is being destroyed in the conversion process from chemical to thermal energy. 
Furthermore, space heating and hot water account for large share of the built environment 
energy demand and thus the building sector needs to be addressed in climate change 
mitigation policy discussion.  
1.2.2 Overall objective and research questions 
The general objective of this thesis is to propose a systematic approach for developing an 
alternative high performance community heat supply system contributing to sustainable 
development.  
In order to achieve this objective this thesis looks for providing answers to the following 
research questions: 
1. How does the community heat supply system paradigm performance compare to a 
district heating system and how can the heat supply be improved towards increased 
sustainability? 
2. Can exergy approach support high performance development of a district heating 
system and is low temperature operation feasible? 
3. Is district heating system an economically competitive option in Japan and what is its 
cost optimal design in terms of location, layout and heat supply? 
 
Based on the research questions the following specific objective were generated: 
• Assess the quantitative and qualitative performances of a community heat supply system 
and identify its improvement potential from thermoeconomic perspective. 
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• Assess the feasibility of a low exergy heat supply system implementation to an existing 
community in terms of building stock, local resources and geographical attributes. 
• Design a 4th generation district heating system for an existing community and assess its 
design and operation features in the context of energy quality management. 
• Develop a model for cost optimal planning of a district heating system for cost assessment 
and economic competitiveness investigation. 
1.2.3 Thesis aim and scope 
In order to achieve the objective of this thesis and provide answers to the research 
questions, this thesis aims to conduct an advanced exergy based numerical analysis of 
community heat supply system and introduce district heating system design and operation 
model. The thesis presents case specific studies analyzing the community heat supply system 
from different perspectives: thermoeconomic, thermodynamic and economic. Exergy 
approach is applied both for system analysis to identify location and magnitude of 
thermodynamic improvement potential as well as for high performance system design. 
Buildings, heat sources and potential distribution network characteristics and their 
interrelated topology are given accurate geographical representation using geographical 
information system (GIS). 
The study boundary includes the demand side and building installation, detailed 
geographical representation of the distribution network and the supply side within the case 
community. All data, including demand profiles, cost parameters, energy sources, 
meteorological data, are selected specifically for the case study if possible. Energy sources 
generated external to the system boundary such as grid electricity and fossil fuels are treated 
as infinite and evaluated using empirical numbers. 
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1.3 Thesis outline 
This thesis spans seven chapters in total. The role of chapters 1, 2 and 3 is to provide 
general, contextual and theoretical framework for the research work this thesis presents. They 
focus on what is done, why and how as well as providing necessary theoretical background 
for understanding of this work. Chapters 4, 5 and 6 present different studies conducted for 
this thesis and their results where each chapter is based on a paper published in a peer-
reviewed scientific journal. Chapter 7 finally provides overall conclusion of the thesis and 
final remarks. The thesis outline and main content of chapter is explained better as follows.  
In Chapter 2 the theoretical framework is introduced where main theories and concepts 
that are closely related with the work of this thesis are explained. The chapter starts by giving 
a brief insight to the current heat supply paradigm of Japan, as the main focus point of this 
thesis is the heat supply system of community. Secondly the concept of district heating 
system is explained along with recent developments. Thirdly the chapter provides basic 
explanation of the thermodynamic property exergy, a key concept for the methodological 
approach used in this thesis, and its importance for energy system design. Finally as increased 
sustainability is the objective of this thesis, the chapter starts by introducing the definition of 
sustainability, its implication within the field of energy and connectivity with exergy, energy 
and environment.  
Chapter 3 presents the methodology applied in the research work for this thesis. It 
describes the general methodological approach and specific methods used for each study 
(presented in chapters 4 to 6). It also describes the research structure and explains the logical 
sequence of the research. 
Chapter 4 presents a methodology for assessing community heat supply system from 
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thermoeconomic perspective based on the specific exergy cost method. The method 
application is demonstrated by conducting comparative study of the heat supply system 
paradigm in Japan and state of the art district heating system of selected case city in North-
Japan. Based on the exergoeconomic analysis and appraisal the system improvement 
potential is discussed. 
Chapter 5 presents geographic information based 4th generation district heating system 
model based on bottom-up low exergy approach. A detailed quantitative and qualitative 
performance analysis is conducted of different design cases based on energy quality 
management considerations. The study also reveals the feasibility of low temperature heating 
system of existing building stock in N-Japan and its impact on the operation of the total 
system. 
Chapter 6 proposes a general cost optimal district heating system planning method based 
on deterministic geographic information-based mixed integer linear programming (MILP) 
superstructure model. The model is applied on a district of specific interest, finding the 
optimal distribution pipe-network layout and pipe size as well as optimal size and dispatch of 
heating technologies. Cost assessment shows how the cost distributes between different cost 
components of the system. 
The total work is concluded and results are summed up in Chapter 7. The chapter 
presents the key empirical findings from the perspective of the research questions and 
objectives. Secondly it discusses the findings from theoretical and policy perspective. Finally 
it discusses the limitation of this thesis work as well as providing recommendation on further 
research to build on the research work presented here. 
Figures and tables are listed in sequential order at the end of each chapter.   
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2 Theoretical framework 
2.1 Introduction 
This chapter provides relevant background information and state of the art literature 
review of key concepts strongly related to the topic of this thesis. The different concepts and 
variables presented demonstrate the relevance of the thesis from academic and social 
perspectives and provide a meaningful and comprehensive whole for this research work. The 
focus of the thesis is the community heat supply system with specific emphasis on district 
heating system. In order to provide alternative development of building heat supply system, 
the current heat supply system paradigm for the built environment is explained with specific 
focus on Japan. The chapter goes on introducing district heating system and its development 
as an alternative to the individual building heating system and presents its potential as a high 
performance heat supply system. Exergy and its role as a thermodynamic property 
demonstrating the true inefficiencies and improvement potential of thermally active system 
are furthermore presented. Exergy plays a vital role behind the hypothesis of this research 
work. Accordingly it is defined as a thermodynamic property and its use for analyzing and 
designing building heating systems is demonstrated. Finally the chapter ends with defining 
sustainability within the scope of energy and how sustainable energy may be achieved is 
explained. 
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2.2 Building heat supply paradigm in Japan 
2.2.1 Space heating demand in Japan 
Japan is an island nation with narrow geographic formation along the longitude axis 
while stretching from 26°40’N in the south to 45°28’N in the north along the latitude axis. 
This long geographical range from south to north provides climatic diversity with cool 
temperate climate in north and tropical climate in south. The northern part, particularly 
Tohoku region and Hokkaido, suffers from cold and snow heavy winters ranging from 
December until March. The cold climate leads to considerable space heating demand. The 
following equation defines the space heating demand of a building due to thermal conduction 
of external walls and convective air infiltration (Day 2006). 
 
𝑄BC = 𝑈+𝐴+G+ + IJ𝑁𝑉 𝑇N3 − 𝑇/ 𝑑𝑡 ( 2.1 ) 
 
U and A are the heat transfer coefficient and area of facet i with total of M facets. N and V are 
the hourly air infiltration rate in [h-1] and space volume respectively, with the numerical 
factor 1/3 as an approximation of several property and conversion factors like air density and 
specific heat. Tsp is the indoor set point temperature and To is the outdoor temperature. 
Assuming that the multiplication factor of UA and NV is fixed, the space heating demand 
is proportional to the temperature difference between the ambient and desired indoor 
temperatures. This can be used to assess space heating load profile and compare space 
heating load between buildings or different locations. Figure 2.1 shows the heating degree 
day duration curve over a year for several Japanese cities and Copenhagen, the capital of 
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Denmark. The heating degree day is defined as the daily average difference between base 
temperature (heating threshold) and outdoor temperature accumulated over a period of time. 
It therefore states how many degrees of heat elevation are required for a building space. The 
figure demonstrates e.g. that the outdoor and base temperature difference in Aomori is larger 
than in Copenhagen for over 100 days, indicating considerable space heating demand in 
Aomori. The heating degree-days in Okinawa are however very few in comparison as 
expected.  
The heating degree-days give only half the story though. The space heating demand is 
also highly dependent on the heat transfer coefficients (U-value) of building external walls. 
They are location specific and supposed to meet local building energy codes and regulations 
for thermal insulation, placed by the government. For this purpose, Japan has been divided 
into six climate zones depending on annual number of heating degree-days according to 
Figure 2.2 (adopted from (Evans et al. 2009)).  
To put the Japanese building energy codes into perspective, they are compared to energy 
codes of European counterparts with similar amount of annual heating degree days in Figure 
2.3 (Buildings Performance Institute Europe (BPIE) 2011). Although Aomori (in climate 
zone II) of Japan suffers from colder winter than for example Copenhagen as Figure 2.1 
indicates, the building energy codes are considerably milder. Presuming that the building 
envelopes thermal insulation are not exceeding the building energy standards by large degree, 
this indicates that the space heating load of Japanese built environment in climate zone II is 
larger than in compared European cities. 
2.2.2 Heat supply paradigm 
In 2012 Japan was the world´s largest importer of natural gas, second largest coal 
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importer and third largest crude oil importer (U.S. Energy Information Agency 2015). Japan 
follows typical top-down energy supply structure with large centralized thermal power plants 
based on fossil fuels combustion or nuclear fission for its electric power generation. 
Residential and commercial sectors accounted for approx. 28% of the total energy 
consumption in Japan in 2009 as Figure 2.4 demonstrates (The Energy Data and Modelling 
Center 2011). Of that 28%, approx. 43% are required for space heating and hot water for the 
whole country. The share of hot water and space heating becomes however considerably 
larger when taking only into account the northern part of Japan, i.e. Tohoku region and 
Hokkaido. Figure 2.5 shows the share of energy service demand of residential sector of cities 
in northern Japan. It indicates that the share of space heating goes over 40% of the 
northernmost cities and the total share of space heating and water heating ranges from 60% to 
70% for these cities (assuming that cooking accounts only for small share as Figure 2.4 
indicates) (Jukankyo Research Institute 2009; Miura 1998). This clearly describes the large 
share of the total annual primary energy consumption that building space heating and water 
heating is responsible for. 
From Figure 2.4 it can be seen that majority of heating and hot water is supplied by oil, 
LPG and city gas. This share varies however with regions within Japan as demonstrated by 
Miura in his study on the regional characteristics of Japanese household energy consumption 
(Miura 1998). The heating culture in Japanese residential and commercial sector is more 
oriented towards heating up building residents rather than the enclosed space of the building 
(Nesheiwat and Cross 2013). This is mainly done with forced convective heating 
technologies, providing heat to nearest proximity to the device and thus non-uniform heating 
in the enclosed space. Figure 2.6 shows the average energy consumption for space heating 
per household for selected cities located in northern Japan. The households are highly 
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dependent on kerosene for their heating. Although the kerosene is locally refined oil product, 
the oil source is imported from foreign oil rich countries. The kerosene is combusted in small 
scale, portable kerosene heaters developed by Japanese manufacturers. They are operated 
according to building occupation routine, i.e. turned on when people are present in a 
particular room and located in proximity to the room occupants. Secondly, Japanese residents 
rely on electricity for driving reversible room based air conditioning (AC) units. The heating 
devices have gained considerable performance improvement due to METI’s top runner 
program that aims at improving the end use efficiency of various consumer appliances and 
products. For example has the energy efficiency of room air conditioners increased 67.8% 
from 1997 to 2004 (Kimura 2010). But the potential for efficiency improvement becomes 
smaller and more costly with time due to device physical limitations. 
The high fossil fuel dependence of the Japanese heat supply paradigm makes it very 
vulnerable to oil import price fluctuation as demonstrated by Figure 2.7. It shows the monthly 
average import price of crude oil and domestic price of kerosene from 2000 until September 
2015. The Japanese consumers are therefore under the mercy of global market conditions, 
which are quite volatile due to political turmoil of many of the major oil exporting countries. 
Furthermore, the oil price has a rising trend on average and oil is forecasted to rice further in 
the future as oil fields become more difficult to reach and the oil becomes more expensive to 
exploit. The price of heating fuels is also very region specific within Japan. For example, in 
2014 the local price of gas was 65 Yen/m3 in Tokyo compared to approx. 90 Yen/m3 in 
Hirosaki city, located in Aomori prefecture in North Japan. This indicates that the economic 
viability of heat supply system reform is very region specific within Japan.  
14 
 
2.3 District heating systems 
An alternative to the Japanese heat supply system paradigm consisting of building based 
individual energy conversion technologies is the use of district heating system. District 
heating system fundamentally consists of three elements; heat source, distribution network 
and building connection interface usually referred to as substation. In larger systems the 
distribution network may be divided into transmission network and distribution network 
dedicated to specific district, building cluster or single building. The heat carrier in the 
distribution network, in most cases water, receives heat from centralized heat source and 
delivers it to two or more consumer buildings. The consumer buildings are directly or 
indirectly connected to the network. The indirect connection entails substation consisting of 
heat exchanger providing heat to building distribution network on the secondary side and 
domestic hot water heat exchanger with or without storage tank. The building distribution 
network supplies the hot water to radiating heating system such as radiators and radiating 
floor heating system. The system can vary in size by large degree serving only couple of 
buildings to large cities with various buildings.  
With time and experience of use, district heating systems have proven to have number of 
advantages over the distributed building based heating systems. The main benefits are as 
follows (Skagestad and Mildenstein 2002). 
w Reliability. District heating systems have large stand-by capacity at heat plants to 
ensure sufficient heat available at all times. In case of any distribution network 
damage or failure, the operator provides immediate repair to the problem with little 
nuisance to customers. 
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w Increased thermal comfort. The distribution network is integrated with building 
radiating heating systems that provide constant and uniform heat distribution 
throughout the confined building space that can be easily controlled, not achieved by 
convective thermal heating.  
w Reduced investment cost. District heating systems benefit from economy of scale and 
reduced investment by building owner due to building installation compared to 
building based heat generation units. 
w Reduced operation cost. The whole operation of the heating system is conducted by 
the system operator providing economy of scale in savings in staff requirement as 
well electricity and fuel cost. Large scale heating plants can be operated at higher 
efficiency and with more control flexibility than distributed building based heating 
units. 
w Fuel flexibility. Due to economy of scope the district heating system can make use of 
variety of heat sources and control the heat source dispatch in economic-effective 
way. It can make use of secondary energy supply such as waste heat from industry 
facilities and municipal waste incineration plants, heat from cogeneration systems and 
renewable heat sources. This results in savings of primary energy supply of fossil 
fuels and increases the security of supply. 
w Reduced environmental impact. The reduced fossil fuel consumption due to increased 
use of locally available heat sources leads to less environmental impact such as CO2 
emissions. CHP plants furthermore increase the efficiency of fossil fuel consumption 
having global positive impact although this may lead to increased impact locally due 
to increased fuel consumption for power generation (Ilić 2014). 
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The main disadvantage about installing district heating system, especially relevant for 
existing buildings, is the installation of building heating system consisting of substation (as 
an interface between the distribution network and building heating system), building 
distribution pipes and radiating panels. This can be complicated and requires engineering 
ingenuity and careful planning by professionals. Once installed however, the system has a 
relatively long lifetime and provides reasonable payback period given the reduced operation 
cost and other market conditions are decent (Euroheat & Power 2011). 
2.3.1 District heating in Europe 
District heating system is a proven technological concept as an effective and efficient 
way of heat supply within the built environment. It has gained considerable market diffusion 
in Europe and is integrated into the infrastructure of many large cities. Figure 2.8 (Adopted 
from (Connolly et al. 2012)) shows the location and size range of European cities with district 
heating system of cities with more than 5000 inhabitants. Total of 2,428 cities fall within that 
category, with total of 2,779 district heating systems. The systems may however not supply 
the total heat demand of city buildings as the district heating systems are usually located 
around the most densely built areas and individual heating systems are used in less dense city 
suburbs. To better demonstrate the extent of the district heating systems within individual 
countries, Figure 2.9 shows the share of inhabitants supplied with district heating system in 
European countries in 2013 (EUROHEAT & POWER 2013). The Nordic countries, Iceland, 
Denmark, Sweden and Finland have the largest share supplied by district heating system 
along with the Baltic countries. This correlates with the geographical location of the 
countries, as these are the northernmost countries in the continent along with Norway and 
Russia. 
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In some cases the distribution network can become quite extensive, supplying heat to 
thousands of customers, residential, public and commercial buildings alike, from multiple 
centralized heat sources. To demonstrate the extensive reach a distribution network can have, 
Figure 2.10 and Figure 2.11 show the layout of the district heating distribution network of 
Reykjavik and Copenhagen respectively, each with network trench length of well over 100 
km. The figures include old and new connections as well as transmission lines supplying heat 
from distant heat sources. The network in Reykjavik accommodates every building in the 
greater Reykjavik area, with heat mainly coming from geothermal water. The distribution 
network of Copenhagen mainly collects the heat from CHP plants, burning waste, biomass 
and fossil fuels. 
2.3.2 State of the art district heating system 
Although district heating systems are all structured according to the same basic 
principles they can vary for example in terms of heat source, heat carrier supply and return 
temperature and pressure difference in the distribution network. These parameters are 
regulated according to building operation strategy, market and climate conditions and 
network pipe material. Table 2.1 lists design temperatures of building radiators for various 
countries and the district heating system need to operate in order to fulfil these building 
conditions (Skagestad and Mildenstein 2002). In modern district heating systems such as in 
Denmark and Finland this results in district heating supply temperatures of 80 – 90°C. Figure 
2.12 shows a typical temperature control of district heating system in Europe (adopted from 
(Zinko et al. 2005)). The supply and return temperature decrease with higher ambient 
temperature and the supply temperature exceeds 100°C for extremely cold weather. The 
temperature margin between network operation and building heating operation is to 
18 
 
counteract temperature drop in the heat carrier due to heat loss. 
The district heating network pipeline design involves selecting the right pipe size, 
insulation series and material type subject to the physical and geographical requirement of the 
network. This selection ultimately becomes to finding the desirable trade-off between size of 
the pipeline, heat loss from pipeline and required pumping power due to pressure loss in the 
network. Pipe manufacturers provide various pipe systems to meet the requirements for 
district heating networks. Table 2.2 lists the main pipe systems produced by Logstor, a major 
Danish pipe manufacturer (adopted from (Dalla Rosa et al. 2012)). Steel pipes are the most 
common option allowing maximum static pressure of 25 bar in the system and high flow 
temperature. Such a high pressure is however mainly allowed in transmission networks while 
most operate with maximum pressure of 16 bar (Skagestad and Mildenstein 2002). Steel 
pipes however lack the installation flexibility that PEX and flex pipe types have, requiring 
more joints in the piping system, and suffer from shorter lifetime due to corrosion. The main 
disadvantage of plastic and flex pipes are the physical limitations in terms of the temperature 
and pressure it can endure, hence resulting in smaller diameter. It prevents their use for 
primary district heating network requiring large heat transmission capacity (Korsman et al. 
2005). State of the art pipe systems are pre-insulated commonly with polyurethane insulation 
foam between the carrier pipe (inner) and outer casing commonly made from polyethylene. 
Pipe systems do also sometimes come with different insulation intensity or insulation series 
depending on the width of the polyurethane foam. 
An alternative to the conventional single pipe system is the twin or even triple pipe 
system. That means that there are two pipes in the same duct with shared insulation jacket in 
case of the twin pipe, one is the supply pipe and the other the return pipe. This leads to higher 
ambient temperature of the supply pipe and results in less heat loss. The diameter size of twin 
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pipes is however limited to relatively small diameters (up to 50 DN) and they are therefore 
ideal for segments requiring small heat distribution capacity like branch lines connecting 
street lines to consumer substations (Dalla Rosa et al. 2011).  
The operating costs of a district heating network can be categorized between expenses 
due to operation machines and materials on one hand and personnel cost on the other hand. 
The cost of operation machinery has to do with the system performance in terms of efficiency 
and stems mainly from heat loss, electricity for hydraulic power and water loss. The largest 
cost source is heat loss from the distribution pipe meaning wasted fuel and heat carrying 
capacity as the heat loss needs to be accounted for in order to deliver sufficient heat to 
consumers. The heat loss depends on the length of the network, distribution of consumer load 
within the network, pipe insulation and flow and ground temperatures. The annual average 
heat loss of European district heating systems is about 10% of the total heat supply to the 
pipe network (Schmitt and Hoffmann 2002). The cost of electricity used to drive circulation 
pumps is considerably lower than cost of heat loss. The pumps are selected to overcome 
pressure loss in the network due to flow resistance and differential pressure in critical 
substations, i.e. substation of consumer furthest away from pump station. Empirical numbers 
for European district heating systems show that electricity demand for pumping power ranges 
from 6 to 10 kWhel/MWhth (kWh electricity per MWh of heat supplied to the network) on 
average (Schmitt and Hoffmann 2002). District heating systems are operated by either 
varying the supply temperature at constant flow, varying the mass flow rate at constant 
supply temperature or mix of both (Pirouti et al. 2013). This involves a trade-off between 
heat loss cost and electricity for pumping power as lower supply temperature leads to less 
heat loss but instead requires larger flow rate and thus increased pumping power. 
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2.3.3 4th generation district heating system 
A development of new generation of district heating system is now underway originating 
in North-Europe (Lund et al. 2014). From historical perspective it is considered to be of 4th 
generation. The key feature of the 4th generation district heating system is that the heat carrier 
operates at reduced temperature from the current and earlier generations, with supply 
temperature of 50 – 60°C and return temperature of 20 – 30°C. Therefore it is often referred 
to as low temperature district heating system. The reason for this development is to increase 
the sustainability of the heat supply system by achieving less heat loss from the system and 
enable use of low temperature waste heat and renewables. Table 2.3 demonstrates the 
development of the district heating system concept with regards to some key properties based 
on Lund et al. (Lund et al. 2014). 
There are several challenges that stand in the way for the district heating system to reach 
its full potential as an integrated part of future low carbon energy system in cool climates 
(Lund et al. 2010). It requires better coordination with real estate development and the actual 
required temperature need of buildings and building heating systems. For example, heat 
supply systems need to take into account reduced building heat demand as building energy 
conservation policies are starting to hit the market, boosting space heating/cooling demand 
reduction like the nZEB (nearly Zero Emission Building) directive within the European 
Union (The European Commission (EU) 2010). The economic competitiveness of district 
heating system is highly dependent on the heat demand density, thus potentially decreasing 
with improved energy conservation of buildings. District heating systems also need to be able 
to integrate waste heat and renewable energy sources like geothermal and solar in a viable 
manner. These sources can be intermittent and also available for electricity generation. 
Therefore its utilization and dispatch needs to be optimized in smart energy system through 
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integration between different energy fluxes. District heating systems furthermore need to 
decrease network heat losses and improve integration and synergies between buildings.  
The benefits of 4th generation district heating concept comply well with these challenges. 
It adjusts well with building heat demand development and with reduced space heating 
demand it allows thermal comfort requirements to be met with lower building supply 
temperature using low temperature building heating system (also referred to as low exergy 
system). The average flow temperature in the distribution network is reduced from the 
conventional system, decreasing the temperature difference between surrounding ground 
temperature, leading to reduced heat loss. The peak heat load reduction of renovated or new 
buildings furthermore allows for smaller pipe dimensions, making twin or triple pipes 
possibly a viable option (Dalla Rosa et al. 2011). Another favourable feature of the 4th 
generation district heating system (4GDHS) is that it enables better use of renewable energy 
sources and low temperature waste heat via improved quality matching. Supply technologies 
also benefit from low forward temperature due to increase in the efficiency of flue gas 
condensation and solar collectors, increase in coefficient of performance of ground source 
heat pumps and higher power-to-heat ratio of steam extraction type combined heat and power 
plants (CHP) (Dalla Rosa et al. 2012). Waste heat, that before has been considered as 
unusable, may become feasible option at district heating systems where supply temperature is 
below 60°C, e.g. from cooling at supermarkets and empty mines (Schmidt et al. 2011). Not to 
mention that this makes geothermal heat, in form of geothermal water flowing in the earth, 
much more feasible and attractive option. 
For 4GDHS to gain proper market diffusion it need to overcome few barriers however. 
There is a need to increase the compatibility of consumer buildings with the low temperature 
distribution network. This is because radiation heating systems have lower heat output at low 
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heat carrier temperature. Therefore to supply the space heating load of a building with low 
temperature heating system the surface area of the radiation heating system needs to be 
increased, or the building envelope insulation needs to be improved to decrease the peak heat 
load of buildings. The latter option is way more attractive as it leads to energy demand 
reduction of the building and supports sustainable development. The first option may not 
even be feasible due to limited physical space within the building. Therefore by enforcing 
stricter energy codes for new buildings and renovation plans for older buildings, enables the 
implementation of low temperature heating systems as Figure 2.13 demonstrates. 
Another barrier is the issue with legionella formation for domestic hot water provision. 
In order to avoid the risk of legionella contamination of the domestic hot consumption water, 
national health standards regulate its lower temperature limit at faucet to be at minimum 
50°C (Dalla Rossa et al. 2014). This limit does not apply however, if the total flow volume 
on the secondary side of the hot water heat exchanger is lower than 3 L (Li and Svendsen 
2012). Another solution to the legionella problem is to use decentralized heat pumps coupled 
with storage tank to boost the domestic hot water temperature to 50ºC (Zvingilaite et al. 
2012). 
Although showing very promising prospects in theory, the research on low temperature 
heating systems is only in its infancy and many questions regarding its operation and design, 
location feasibility, building interface and network interaction, renewable energy source 
integration feasibility, etc. have yet to be studied. Some key work has however been 
conducted by number of researchers mainly on the infrastructure level. Dalla Rosa introduced 
the concept and the potential of 4GDHS in his thesis (Rosa 2012). His work mainly focuses 
on the distribution network – its structure, dimension and operation parameters considering 
operation and design variables including pipe structure and layout, network supply and return 
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temperatures and building-network interface. Results demonstrate the high performance 
potential of low temperature network but with a little cost in terms of higher end use tariff 
due to larger equivalent pipe diameter. It also shows the importance of sufficient linear heat 
density for the district heating system to become economically competitive (Dalla Rosa et al. 
2012). 
In a series of studies, Tol et al. investigated the dimensioning of pipe network and layout 
in low temperature district heating system (Tol and Svendsen 2012a, 2015) as well as 
comparing substation types in a low temperature heating system (Tol and Svendsen 2012b). 
The results demonstrated that providing storage tank for domestic hot water at each building 
results in smaller equivalent pipe diameter and 8% lower heat loss compared to instantaneous 
heat exchanger. Adding booster pump to start of each branch provides further reduction in 
branch pipe dimensions due to increased maximum allowable pressure drop. Comparing 
branched network with bypass and looped network at low demand conditions (i.e. during 
summer) showed that the prior network is superior as it provides supply temperature resulting 
in less heat loss. The studies further reveal the benefit of lowering the supply temperature 
with boosting mechanism during high load conditions. Supply temperature boosting provides 
considerable reduction in mass flow rate enabling smaller pipe dimensions. 
Not as much research work has been done on the supply side including heat source and 
distribution network interaction or integration between heating and electricity generation. The 
positive impact of low district heating forward temperature on heat generation technologies 
has however been demonstrated in multiple studies, e.g. on condensing boiler by Chen et al. 
(Chen et al. 2012) and on biomass based steam CHP plant by Savola et al. (Savola and Keppo 
2005). Ommen et al. have taken the research scope further and considered a system approach 
when assessing the impact of reduced district heating system supply temperature on the 
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whole system (Ommen et al. 2016). For heat generation the study considers different types of 
CHP plants. The results suggest that supply temperature of 60ºC leads to the lowest system 
operation cost instead of the current usual 80 – 100ºC, while the primary energy use and CO2 
emissions from heat decreased with lower networks supply temperature down to 50°C. 
Integrating heat pump system for boosting domestic hot water temperature to sufficient level 
when needed increased the benefit of low temperature supply temperature although 
increasing the load on electricity import.  
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2.4 Exergy 
The purpose of this chapter is to give brief description of the exergy concept and 
demonstrate its relations with the 2nd law of thermodynamics. Secondly the exergy analysis is 
introduced and few examples of its application are provided. Finally the application of exergy 
method in the built environment and its expansion towards community scale energy system is 
discussed. 
2.4.1 The Exergy concept 
Exergy is directly related to energy and entropy. For understanding the exergy concept 
one must have basic understanding of the 1st and 2nd laws of thermodynamics and their 
implication for the interacting concepts. The exergy concept is therefore explained through 
derivation of some key thermodynamic concepts that provide proper meaning and scope to 
exergy. 
2.4.1.1 First law of thermodynamics 
Energy is a fundamental concept in engineering and thermodynamic analysis. Although 
no general short specific scientific definition has been provided (Jansen 2013), it commonly 
describes the ability of a system to conduct work. Energy can take the form of kinetic energy, 
potential energy and internal energy. It can be stored in any of these macroscopic forms, 
transformed from one form to another and transferred between systems or within a closed 
system through heat or work. The 1st law of thermodynamics states that, in any of these 
processes, storage, transformation and transfer, the energy of a system and its surroundings is 
constant, i.e. the total amount of energy is conserved (Bejan et al. 1996). The first law is 
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however subject to two main limitations; a) it treats work and heat interactions as the same 
form of energy, i.e. does not differentiate between the quality of mechanical and thermal 
energy, and b) it does not give any indication about spontaneous processes and their direction 
occurring within the system (Kotas 1995). 
2.4.1.2 Second law of thermodynamics 
The limitations of the first law of thermodynamics are subject to the second law of 
thermodynamics. The law states that heat cannot go from low to higher temperature by itself, 
determining direction of spontaneous processes, and that heat cannot completely transfer to 
work. The second law of thermodynamics was formulated in 1850 – 1851 by Lord Kelvin 
and Clausius. Planck later added to their work by studying closed systems with one heat 
reservoir finding that “it is impossible to construct an engine which will work in a complete 
cycle, and produce no effect except the raising of a weight and the cooling of a heat-
reservoir” (Bejan 2006). This led to a general statement of the second law referred to as the 
Kelvin-Planck statement: “It is impossible for any system to operate in a thermodynamic 
cycle and deliver a net amount of energy by work to its surroundings while receiving energy 
by heat transfer from a single thermal reservoir” (Bejan et al. 1996).  
2.4.1.3 Irreversibility 
An important concept relating to the second law of thermodynamics is the definition of 
reversible and irreversible processes. A system and its surrounding undergoing an irreversible 
process cannot be restored to their exact initial states, i.e. there is always some permanent 
effect on the system and its surrounding. Reversible processes can however eradicate any 
effect caused by a process and restore the system and its surrounding to initial state. All real 
processes are irreversible while reversibility is an idealization of a process (Jansen 2013). The 
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cause of irreversibility can be divided into two groups. In one group, irreversibilities occur 
due to dissipation of work into an internal energy due to e.g. flow friction, electric resistance 
and mixing of different types of matters. In the other, irreversibilities occur in spontaneous 
non-equilibrium processes when a system and its surroundings go from non-equilibrium state 
towards equilibrium state. This applies e.g. to spontaneous chemical reaction, unrestrained 
expansion of gas and heat transfer via finite temperature difference (Kotas 1995). It is 
important for engineers working with thermodynamic processes to know and understand the 
sources of irreversibility and try to minimize them. 
2.4.1.4 Entropy generation 
A key property associated with the second law of thermodynamics is entropy. An 
extensive property, entropy provides the ability to analyse processes from the perspective of 
the second law of thermodynamics. Just as all real processes are irreversible, entropy of a 
system and its surroundings undergoing a process always increases, referred to as entropy 
generation. Entropy is a complex and multifaceted property but as the purpose here is to 
derive connection between the second law of thermodynamic and exergy we give it the 
simple definition of Bejan as he concludes in his analytical derivation of entropy generation 
(Bejan 2006): “Entropy generated by a system is a measure of the available work that has 
been destroyed”. This is clarified with the Guoy-Stodola theorem which describes the 
proportionality between lost available work and entropy generation in irreversible processes 
as so: 
 
𝑊./N' = 𝑇R𝑆T(U ( 2.2 ) 
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𝑆T(U is the entropy generation and T0 is the reference temperature on a kelvin scale and as the 
entropy generation can never be negative the same goes for the lost available work. The lost 
available work is also defined as the difference between the work transfer rate and the work 
transfer potential if the process were reversible.  
2.4.1.5 Exergy 
The first law of thermodynamics states that energy cannot be destroyed. The second law 
however prescribes that there is always some loss of available work potential between 
interacting systems at different states due to irreversibility. Exergy is a property associated 
with the second law with the function of expressing the amount of maximum available work 
potential between interacting systems obtainable as the systems reach thermodynamic 
equilibrium. I.e. it gives information on the quality of any energy source and the maximum 
theoretical work obtainable as a system moves towards equilibrium with its environment, at 
which point the exergy becomes zero. Szargut defines exergy as so (Hepbasli 2012): 
“Exergy is a measure of a quality of various kinds of energy and is defined as the amount of 
work obtainable when some matter is brought to a state of thermodynamic equilibrium with 
the common components of the natural surroundings by means of reversible processes, 
involving interaction only with the above mentioned components of nature.” 
The theoretical maximum work potential is obtained using a reversible process. But just 
as any process of a system and its surroundings leads to entropy generation, there is always 
some exergy destroyed. In other words, exergy is destroyed due to entropy generation 
indicating the loss of available work. Shukuya explains the relationship between exergy and 
entropy as (Shukuya 2013): 
“Exergy is defined as a measure of dispersion potential of energy and matter, while entropy 
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is defined as a measure that indicates the dispersion of energy and matter”. 
In that sense the lost available work in the Guoy-Stodola theorem in ( 2.2 ) can also be 
referred to as exergy destruction (Bejan et al. 1996). Just as energy consists of different 
components, the total exergy of a system can be divided between physical exergy, kinetic 
exergy, potential exergy and chemical exergy. 
2.4.2 Exergy application 
 In light of the special characteristics of exergy, it has been used for analysing the 
performance of various systems involving thermally active components in recent decades. 
The benefit of exergy analysis over energy analysis lies in its ability to reveal the true losses 
of a process quantitatively and how far it is from the ideal utilization of the driving input of 
the process. The exergy analysis can also pinpoint the location and main cause of the 
irreversibilities more clearly than energy analysis (Dincer and Rosen 2013). These 
information are very useful for system designers and operators to allocate main true process 
deficiencies and for example help allocate R&D work to reach the most performance 
improvement of the system or see what component or fuel to replace to achieve the greatest 
gain. 
Exergy has been applied for the purpose of analyzing and designing various thermal 
and chemical processes by large number of researchers. It has for example been used to study 
or improve design of industrial systems (Gong 2004), national economic sectors (Utlu and 
Hepbasli 2007), thermal energy storage (Rezaie et al. 2015), drying processes (Aghbashlo et 
al. 2013) and sewage sludge processing for methanol generation (Ptasinski et al. 2002). The 
list of topics and number of studies subject to exergy analysis is quite extensive and won’t be 
discussed further here. 
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Exergy has also been used to develop advanced methodologies or tools for specific 
purposes. It has frequently been linked with cost for thermoeconomic (or exergoeconomic) 
analyses to allocate system cost to product streams and assess the cost of exergy consumption 
as well as give information on most cost effective system improvement. It was initially 
introduced by Tribus and Evans in late 1950s in their study on sea desalination plant when 
they associated the flow of money and cost of relevant cost components contributing to the 
utility streams with its exergy (Tribus and Evans 1962). Other researchers have further 
developed the concept of thermoeconomics for providing specific methods within the field. 
Tstatsaronis introduced the specific exergy cost method (SPECO) which is based on 
allocating cost components between fuel and product streams for all components (Tsatsaronis 
1993). Valero et al. introduced exergy cost accounting method which does not consider 
money flow but instead allocates exergy units expended to deliver one unit of exergy product 
using algebraic method (Lozano and Valero 1993; Valero et al. 2006). Sciubba further 
extended the method by including non-material inputs such as labor, human services and 
other non-energetic externalities that are converted to their exergetic equivalent (Sciubba 
2001). El-Sayed along with Evans took different turn by developing thermoeconomic 
optimization model based on Lagrange multipliers and marginal costs (El-Sayed 2003). 
The application of exergy analysis has increasingly been extended to the built 
environment in recent years. This is because of large degradation of the energy source in the 
energy supply system to buildings as a consequence of large quality mismatch between 
supply sources and demand as the concept diagram in Figure 2.14 demonstrates. High quality 
fuels like fossil fuels are used to provide low quality demand of domestic hot water and space 
heating either through direct combustion or electricity generation. By addressing the exergy 
inefficiency, studies have demonstrated the potential to reduce primary energy consumption 
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and as well as increase the share of waste and renewable heat sources (Hepbasli 2012; 
Schmidt 2009). 
Shukuya is one of the originators of studying exergy consumption in the built 
environment and pointed out the importance of investigating what is being consumed by 
building air conditioning systems (Shukuya 1994, 2013). Later Schmidt, another pioneer in 
the field, developed a methodology for modelling thermally active components in buildings 
with the aim of minimizing the exergy input to the building system; called low exergy 
analysis (Schmidt 2004a). Together these two scholars built the foundation of theory and 
calculation methods for exergy flow in the built environment. Others have further added to 
the theory and extended the application of the exergy analysis on building HVAC systems. 
Sakulpipatsin applied and investigated the suitability of exergy analysis of the built 
environment through case studies (Sakulpipatsin 2008). Jansen further demonstrated the 
added value for designing building HVAC systems by applying exergy analysis alongside 
energy analysis on building heating systems and suggested system improvement potential 
towards high performance systems by using exergy principles (Jansen 2013).  
The relevance of exergy approach within the scope of built environment has further been 
demonstrated by international projects within the framework of International Energy 
Agency’s Energy in Buildings and Communities (EBC) program. Two Annex research 
projects have been devoted to exergy and its application in the built environment; namely 
Annex 37 “Low Exergy Systems for Heating and Cooling” and Annex 49 “Low Exergy 
Systems for High Performance Buildings and Communities” (Ala-Juusela 2004; Schmidt et 
al. 2011). These research projects have involved multiple researchers from around the world 
with the focus of emphasizing the practical use of exergy analysis and its benefit. 
The current trend is to expand the theory and knowledge of exergy application in the 
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built environment to community level. The thesis is to use exergy and exergy principles to 
maximize the use of local renewable and waste energy sources as well as integrate different 
building clusters for synergetic purpose with the objective to develop high performance 
community. An international research annex is already underway to carry out this research 
under the hat of International Energy Agency’s Energy in Buildings and Communities (IEA’s 
EBC) programme (Annnex 64 LowEx communities). Applying exergy as design criteria for 
district energy system design considering the whole supply chain is in its infancy and only 
few studies have been published. Lu et al. developed genetic algorithm for multi-objective 
optimization with the objective to find the optimal energy source technology mix for a district 
energy system (Lu et al. 2014a; b). The model presents the trade-off between exergy 
efficiency and life cycle cost and GHG emissions of the total system. Kilkis introduced the 
Rational Exergy Management Model (REMM); an analytical model with the objective to 
curb CO2 emissions while attempting to optimize the quality level of supply sources and 
demand (Kılkış 2015). The model is scenario based that takes into account location specific 
net zero exergy target. 
Distrct heating sysetms play an important role in community scale low exergy systems 
and the 4GDHS and low exergy system are based on common ground with similar aims and 
values. In that sense there is a strong logic for applying exergy principles for designing 
district heating systems. Not much research has been done in that regard but couple of studies 
have been published providing basic understanding on the relation between exergy 
performance and district heating system operation. Torio et al. compared district heating 
system operation performance using dynamic exergy analysis without considering the heat 
source (Torio and Schmidt 2010). They found that minimizing supply temperature and return 
temperature leads to highest exergy performance as well as comparing different building 
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substation configuration suggesting that providing space heating and hot water with separate 
heat exchangers provides increase in the exergy efficiency. Li et al. performed exergy 
analysis of medium and low temperature district heating systems (Li and Svendsen 2012). 
The study supports the claim there is a strong relationship between low temperature operation 
and high exergy performance of the distribution network. They also brought up the issue of 
bypass flow and showed that the bypass set temperature should be kept at minimum to gain 
high exergy efficiency.  
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2.5 Sustainable energy 
As environmental issues are becoming more and more globally acknowledged, the term 
“sustainable” is gaining popularity and often used by politicians, organizations and industry 
representatives. This is especially true for the energy industry with anthropogenic greenhouse 
gas emissions affecting the global climate balance, possibly causing irreversible global 
warming according to majority of scientists (IPCC 2014). Sustainability is a softly defined 
concept that can be applied to different sectors and with different weight. The most common 
general definition of sustainable development was presented in Our Common Future by the 
Brundtland Commission in 1987 as “the kind of development that meets the needs of the 
present without compromising the ability of future generations to meet their own needs” 
(WCED (UN World Commission on Environment and Development) 1987). 
Based on this definition, Robert et al. defined four basic principles that need to hold in 
order for humanity to sustain the biosphere and society (Robèrt et al. 2004). The first three 
apply to the direct interaction of humans with nature and the fourth one applies to social and 
economic dynamics. The principles state as follows: 
“In a sustainable society, nature is not subject to systematically increasing… 
  I …concentration of substances extracted from the Earth’s crust, 
  II …concentrations of substances produced by society, 
  III …degradation of physical means 
and, in that society… 
  IV …people are not subject to conditions that systematically undermine their 
capacity to meet their needs.” 
Judged by these principles the current heat supply system is considered unsustainable 
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due to its dependence on fossil fuels, which are depletable resources. Furthermore the 
concentration of anthropogenic greenhouse gas emissions, mostly carbon dioxide, is 
increasing in the biosphere, affecting the climate with unforeseeable impact on many 
societies and ecosystems, possibly compromising the habitability of future location specific 
generations. Energy service demands are a major culprit in this matter, responsible for 
majority of the global greenhouse emissions as Figure 2.15 shows. That involves heat and 
electricity supply, transportation, air conditioning and cooking of building sector and on-site 
energy generation at industry facilities. 
In order to diminish the carbon intensity of energy supply systems, sustainable actions 
are required. There are three basic mechanisms applicable to achieve sustainable 
development of the energy industry. 
1. Renewable energy sources. This involves use of alternative non-exhaustible resources 
for providing energy service demands. This includes use of (not extensive list) solar 
irradiation, wind, potential energy of water mass, geothermal heat and biomass. 
2. Energy efficiency. This involves improving energy driven processes so that the 
primary energy input to any given process is being reduced. An example of policy 
action encouraging energy efficiency is METI’s Front runner program, stimulating 
energy efficiency of various building appliances. 
3. Energy conservation. This focuses on the energy service demand and the attempt to 
reduce it without diminishing society’s quality of life. An example of this is better 
building insulation leading to less heat and cold demand. Another example is by 
increase the use of passive systems, e.g. for air conditioning and lighting. 
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Given the nature and properties of exergy, it provides a strong link between energy, 
sustainability and environment and ties these three pillars together (Dincer and Rosen 2013). 
By definition exergy describes the potential work of energy or matter as a function of the 
energy content and the environment as has been explained in Chapter 2.4. The relation of 
exergy with environment and sustainability is however less obvious. Figure 2.16 
demonstrates the relationship between exergy and environmental impact and sustainability 
(adopted from (Dincer and Rosen 2013)). As exergy efficiency approaches 100% in 
hypothetical process, the environmental impact approaches zero as exergy is converted 
without suffering any loss, neither waste nor emissions, affecting the environment. Similarly 
the sustainability approaches infinity as a 100% exergy efficient process means that it is 
reversible and thus can be restored to its former state without requiring any input.  
Low exergy (or LowEx) development involves reducing the exergy input to a process by 
better matching of the quality or exergy level of supply sources and demand, as well as 
reducing the exergy demand. Improved exergy matching leading to less exergy input to a 
system results in less consumption of high exergy, or primary energy, sources such as finite 
fossil fuels. Furthermore, decreasing the exergy demand of system will then hypothetically 
enable easier integration of low exergy sources such as renewable energy sources and waste 
heat as well as reduce the total energy consumption. Accordingly the greenhouse emissions 
are reduced and sustainability is increased. This relationship is demonstrated in Figure 2.17. 
The positive impact of exergy on sustainable development can be divided between three 
mechanisms (Dincer and Rosen 2013): a) increased exergy efficiency, b) reduction of exergy-
related environmental degradation, such as fossil fuel depletion, and c) use of sustainable 
exergy resources.  
While agreeing with exergy being a very sound and suitable measure as an energy 
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sustainability indicator, Romero et al. point out some drawbacks of using exergy as a global 
energy sustainability indicator especially for strong sustainability (which indicates that 
environmental goods are non-substitutable) (Romero and Linares 2014). The limitations 
mainly involve transforming non-energetic inputs into exergy units such as labor and 
monetary inputs. Sciubba has attempted to deal with this issue via use of Extended Exergy 
Accounting (EEA) where monetary flows, labor input and environmental remediation 
expenses are converted to exergy equivalents using global system balances (Sciubba 2005). 
This conversion is however highly reliable on assumptions affecting the accuracy of the 
sustainability assessment. Another important limitation mentioned by Romero et al. involves 
definition of reference environment for proper analysis of environmental externalities and 
system-environment interaction. Without defining comprehensive reference environment 
exergy cannot be used as a common unit in an extensive sustainability analysis.  
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Figure 2.1 Duration curve for heating degree-days for selected locations with base temperature 
as 16°C. 
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Figure 2.2 Residential climate zones in Japan. 
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Figure 2.3 Comparison of heat transfer coefficients of Japanese building energy codes and 
European cities with similar number of heating degree-days. 
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Figure 2.4 Breakdown of Japan’s total energy consumption of the built environment by source 
and fuel in 2009.  
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Figure 2.5 Share of energy service demand of Japanese households for cities in northern Japan. 
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Figure 2.6 Average annual energy consumption for space heating per household of cities in 
northern Japan by source. 
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Figure 2.7 Import price of crude oil and domestic price of kerosene in Japan from 2000 to 
September 2015. 
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Figure 2.8 Functioning district heating systems in European cities with over 5,000 citizens 
(total of 2428 cities). 
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Figure 2.9 Share of citizens served by district heating systems in European countries in 2013. 
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Figure 2.10 The district heating distribution network of Reykjavik, the capital of Iceland.  
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Figure 2.11 The district heating distribution network of Copenhagen, the capital of Denmark. 
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Figure 2.12 Supply and return temperatures of the district heating network in Skogas (Sweden) 
in 2002 as a function of outdoor temperature. 
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Figure 2.13 Low exergy development to pave the road for 4th generation district heating system.  
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Figure 2.14 Energy quality diagram showing the mismatch between energy supply and energy 
use. 
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Figure 2.15 Global greenhouse gas emissions by source in 2004 (Source: (IPCC 2007)). 
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Figure 2.16 Conceptual demonstration of the relationship between exergy efficiency and 
environmental impact and sustainability. 
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Figure 2.17 The impact of low exergy development on energy, environment and sustainability 
(PES: Primary energy source). 
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Table 2.1 Example of design temperatures of building heating system in [°C]. 
Country Supply 
Temperature 
Return 
Temperature 
Hot Water 
Temperature 
Denmark 70 40 <60 
Finland 70 40 55 
Korea 70 50 55 
Romania 95 75  
Russia 95 75 50 
United Kingdom 82 70 65 
Poland 85 71 55 
Germany 80 60 55 
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Table 2.2 List of main pipe products on the market by Logstor. 
Material Pipe type Size (DN) 
[mm] 
Tmax [°C] PN [bar] 
Steel Single 20-1200 150 25 
 Twin 20-28 120 25 
PEX Single 16-28 95 10 
 Single 20-110 95 6 
 Twin 16-50 95 6 
AluFlex Single & 
Twin 
16-32 105 10 
CuFlex Single 15-35 120 16 
 Twin 15-28 120 16 
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Table 2.3 Historical development of the district heating system concept. 
Generation 1st 2nd 3rd 4th 
Type Steam High temp. Medium temp. Low temp. 
Peak period 1880-1930 1930-1980 1980-2020 2020-2050 
Supply/return 
temperature 
>100°C 120/70°C 90/50°C 60/30°C 
Heat carrier Steam Pressurized hot 
water 
Pressurized hot 
water 
Warm water 
Pipe type In-situ steel pipe In-situ steel pipe Pre-insulated 
steel pipe 
Pre-insulated 
flexible pipe 
Dominant heat 
production 
Coal steam 
boilers 
Coal and oil 
boilers and CHP 
Waste and 
biomass CHP 
and fossil fuel 
boilers 
Waste heat and 
renewables 
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3 Methodology 
3.1 Introduction 
This chapter provides overall information on the research work presented in this thesis, it 
demonstrates what was researched, in what order and how the author went about conducting 
the research. The chapter ties together the different concepts discussed in previous chapter 
and it presents the hypotheses the research is based on. The overall methodological approach 
and the scope and boundaries of the system under investigation are defined, with location 
specific urban scale approach, taking into account local geographical specific characteristics 
using empirical approximations such as primary energy factors (PEF) and quality factors of 
matter to account for globalized impact. The research organization and the logical sequence 
of different research tasks are introduced along with each task specific research aim. 
Subsequently the specific methods and key software tools used to achieve the thesis 
objectives are briefly introduced with more detailed explanation and derivation of equations 
in Chapters 4 to 6. Finally, the case study area subject to the research tasks and its key 
characteristics is introduced. 
3.2 Hypotheses 
The research presented in this thesis is based on multiple interconnected working 
hypotheses that are derived from the discussion of the theoretical framework in the previous 
chapter dealing with the heat supply systems for the built environment. The hypotheses are 
summarized as follows: 
59 
 
 
w Considerable amount of valuable exergy is going to waste in the current heat supply 
system as high quality sources are used directly to supply low quality demand, leading to 
unsustainability and considerable environmental impact. 
w District heating systems are a viable mean of heat supply in Northern Japan and with 
heat demand reduction they can operate at high performance using low operation 
temperature and enable integration of low quality renewable and waste heat. 
w Exergy method is useful for achieving high performance district energy system design 
and planning for a community by avoiding mismatch in quality of energy demand and 
supply, minimize irreversibility and maximize the economic value of energy flows. 
w Local integrated energy planning exploiting available synergy potential can result in 
effective energy system design and increased sustainability. 
3.3 Methodological framework 
The state of the art theory on thermal energy system analysis and design within the built 
environment reveals that exergy is becoming a vital tool for reaching sustainable low energy 
or low carbon heat supply to buildings. There is however a potential to extend the application 
of exergy and the so-called low exergy approach to community level including central energy 
generation and distribution of mass and heat to end consumers. A key solution for a 
community scale heat supply system in the urban environment is the district heating system. 
Therefore the focus of the research presented here is on the distribution and delivery of heat 
in a district heating system following the exergy approach. In this thesis district heating 
system involves heat demand of buildings, building heating system and substation, heat 
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carrier distribution network, energy conversion and heat supply sources and their interacting 
behavior. 
The methodological framework for this research is described in Figure 3.1. It involves 
case based analysis with varying operation and design settings and the objective is to improve 
a community or district energy supply system with special attention to heat supply subject to 
exergy based approach and low exergy principles where the aim is to make use of sustainable 
energy resources of e.g. sunlight, ground heat and water and waste sources for local 
generation rather than purchased external energy sources such as fossil fuels and grid 
electricity. For comprehensive community level energy supply system improvements or 
paradigm shift, a whole system analysis is required taking into account the different 
subsystems composing the total system and their interactions. The system boundary is set at 
the outer boundaries of the community under investigation where external sources like grid 
electricity and fossil fuel are treated as imported fuel at the system boundary. Global 
parameters such as primary energy factors and quality factors, derived from experience and 
empirical studies, are used for assessment of external conditions and interaction of the system 
with the external environment. In order to achieve improvement or paradigm shift of the heat 
supply system the research makes use of innovative system design solutions and alternative 
energy carriers and conversion technologies. The need for hybrid approach is also 
acknowledged where energy demand reduction hypothetically increases the feasibility of 
renewable and waste energy source integration due to improved demand side and supply side 
temperature compatibility. 
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3.4 Research structure 
The research conducted for this thesis focuses on district heating system as an alternative 
community scale heat supply system in Japan. It attempts to assess the improvement potential 
of district heating system compared to the current heat supply paradigm and its 
implementation feasibility as well as to perform thorough performance and economic 
analysis. Accordingly, the research is made up from three individual research tasks, where the 
output of each research task is used to guide the following research task, generating a logical 
research sequence. The research steps and their respective methods are presented in Figure 
3.2 and discussed as follows. 
The first research task is covered in Chapter 4. It involves an extensive exergy and 
exergoeconomic analysis of the existing heat supply system of the case area. For comparative 
purposes a theoretical state of the art district heating system is modeled and undergoes same 
analysis. The analysis follows the method of Tsatsaronis et al. and links together economic 
cost and thermodynamic performance throughout the supply chain of the heating systems 
(Bejan et al. 1996). The results show the cost of wasted available energy, i.e. exergy, and the 
exergy unitary cost of the product streams based on the notion that the real value of energy 
lies in its exergy content. The results further demonstrate the system improvement potential 
and the most cost effective system components to be altered for the purpose of 
thermodynamic improvement. 
Based on the output from Chapter 4, the second research task is to conduct a feasibility 
and performance assessment of a low temperature district heating system as presented in 
Chapter 5. For that purpose a quasi-dynamic bottom-up GIS based district heating system 
design and operation model is developed. The model attempts to minimize the exergy 
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destruction in the distribution network through low exergy principles while taking into 
account the supply temperature and mass flow rate nexus. The study includes the capability 
of target buildings to accommodate low temperature radiating heating system while 
maintaining sufficient thermal comfort. Comparative design cases are carried out comparing 
medium temperature operation to three different versions of alternative operation or network 
configuration involving low supply temperature. Multi-time step energy and exergy analyses 
are conducted for the appraisal of the design and operation of the subject systems. 
Having demonstrated the high performance potential of a low temperature district 
heating system in the first two research tasks, Chapter 6 contains an economic assessment of 
a district heating system. A mixed integer linear programming (MILP) model integrating 
geographical information for district heating system planning is presented. The model 
provides geographically accurate optimal topological design of the distribution network for 
target buildings. The model further selects optimal sizing and dispatch of exogenously 
provided heat source options. The model is applied for a simple case study and compares 
cases representing specific energy source options. It also compares the system design subject 
to different operation strategies. 
3.5 Methods 
In this chapter the methods used for individual tasks and the key software used in the 
research work for this thesis are briefly described. The method selected for each research task 
is carefully chosen according to the tasks aim and objectives and it follows the framework of 
the thesis’s methodological approach. More detailed description and formulation of each 
method is provided in chapters 4 to 6, dedicated to respective research tasks. 
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In the analysis phase carried out in Chapter 4 where the purpose is to study the Japanese 
heat supply paradigm from thermodynamic and economic perspective, the application of 
specific exergy cost method is extended to community heat supply system. The specific 
exergy cost method is a form of thermoeconomic, or exergoeconomic, approach developed 
by Tsatsaronis (Bejan et al. 1996; Tsatsaronis 1993). Here it is combined with the low exergy 
analysis; a bottom-up exergy minimization approach that seeks to find the minimum required 
exergy input to a subsystem based on its minimum required exergy output and internal exergy 
consumption and heat losses through input/output analysis (Schmidt et al. 2011). The method 
uses cost and exergy balances at the subsystem level and covers the whole supply chain at 
steady state. The exergy calculations have been simplified and adjusted to thermally active 
components of the built environment according to Schmidt (Schmidt 2004b), with thermal 
exergy being the dominant component (after combusting the chemical exergy), sensible heat 
transfer and simplified exergy demand calculations. Energy consumption during primary 
energy transformation, including resource extraction, transformation and transport of the 
resource to suitable form is estimated through primary energy factors. The reference 
environment is selected as the ambient air of the case area. 
In Chapter 5, a bottom-up geographical information based simulation model is 
developed for low temperature district heating system design and operation. The bottom-up 
approach is essential as it takes into account the temperature requirement of each building 
that the distribution network has to be able to provide at every moment. For assessing the 
temperature requirement of each building, a radiating floor heating system is modeled and 
simulated for each building to estimate the temperature demand in case of low temperature 
heating system and see if low temperature heating system is able to provide sufficient indoor 
thermal comfort. Accordingly the model estimates the minimum required supply temperature 
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to buildings and selects network supply temperature at minimum unitary exergy cost, taking 
into account the mass flow rate. A woody biomass CHP plant is modeled as the main heat 
source and heat only boiler for peak and valley conditions. The CHP plant model is adopted 
from Savola et al. (Savola and Keppo 2005) where the operation is a function of network 
supply temperature and thermal load of the plant. The distribution network is generated using 
shortest path algorithm and the topology captured by using adjacency matrix. Each pipe 
segment is sized using the Darcy-Weisbach equation that models the relationship between 
pipe diameter, mass flow rate and pressure loss (Bejan et al. 1996). Upon case based 
simulation, exergy and energy analyses are applied and provide data for system design and 
operation appraisal. 
Chapter 6 presents geographical information based deterministic mixed integer linear 
programming (MILP) model for cost optimal district heating system planning. MILP is a 
proven mathematical approach and considered as robust and flexible, still providing sufficient 
accuracy of technological behavior and has been used as a basis for many large scale energy 
modeling tools including MODEST and MARKAL (Omu et al. 2013). The objective function 
is to minimize total annualized system cost of the district heating system including 
investment capital cost of heat plants and pipeline network and fixed and variable operation 
cost. The constraints consist of set of energy conservation constraints, pipeline topological 
constraints, network operation constraints and plant operation constraints. The network 
topology base is generated in geographical information system (GIS) and integrated to the 
MILP model as an adjacency matrix, defining nodes and edges connection candidates. Heat 
supply technology candidates and their locations are defined exogenously. 
For solving the research problems and developing simulation and operation models there 
were mainly three different key languages and software applied. For geographical 
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information analysis of building stock and heat demand density and generation of network 
topology, ArcGIS was used. High-level third party geographical data was also utilized for 
this research. MATLAB was used for graph theory based calculations and processing and 
calibrating geographical data to suitable matrix form. It was also used for developing most 
system design and simulation algorithms and for carrying out energy and exergy analyses. 
The MILP optimization model was however developed in the modeling language GAMS 
(General Algebraic Modelling System) which is especially useful for indexing multi-
dimensional matrices. The CPLEX solver was used to execute the model. 
3.6 Introduction of the case study area 
The case study area targeted for the research of this thesis was selected as Hirosaki city. 
Hirosaki is located in Aomori prefecture, the northernmost prefecture of Honshu, which is the 
mainland of Japan. Hirosaki suffers from cold and snow heavy winters with annual snowfall 
of 700 to 800 cm and snow depth reaching 140 cm in the winter of 2014/2015. Hirosaki city 
is a relatively small city in Japan with 183,500 inhabitants in 2010 and area of 524 km2, 
making the population density 350 inhabitants per km2. The city has suitable characteristics 
with potential for local energy and heat source utilization. The main industry of the city is 
agriculture, apple farming in particular, and it is surrounded by forest area. Considerable 
amount of waste wood becomes available annually due to pruning of apple trees and forest 
trimming. The city has two municipal waste incineration plants located in north and south 
side of the town respectively and some industrial sites including electronics manufacturing 
plant operated by Canon Precision Inc. Furthermore the city is in proximity to the Hakkoda 
geothermal field, providing relatively high geothermal gradient of approximately 80ºC/km. 
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The city government has plans of improving the city’s self-sufficiency of energy supply 
and to reduce its carbon footprint and has started a project to assess the integration potential 
of local energy sources and the infrastructure requirement. Due to large share of heat demand 
of the total energy demand of the building sector, the project team is interested in looking at 
possible alternatives to the current heat supply system, including district heating system as a 
desirable candidate. This thesis can provide valuable information and guideline to the work of 
restructuring the community heat supply system with emphasis on district heating system 
introduction. 
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Figure 3.1 A concept diagram explaining the methodological framework behind this research 
work. 
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Figure 3.2 Short description of the major research steps of this dissertation and main method 
for each step.  
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4 Exergoeconomic analysis for assessing community heat supply 
system 
4.1 Introduction 
Heat demand of the building sector in the developed world is a major contributor to the 
total energy demand of the built environment. In Northern Japan (Tohoku region), space 
heating and hot water consumption are responsible for about 40% and 26% of the total 
residential energy consumption respectively (Jukankyo Research Institute 2009). The current 
dominating heat supply paradigm consists mainly of building based convective heating 
systems and boilers for space heating and hot water generation respectively, using fossil fuel 
or electricity as a fuel. Fossil fuels and electricity are high quality energy sources and 
utilizing them for directly supplying low quality energy demand such as space heating and 
water heating leads to large consumption of exergy, thus deterioration of the energy source. 
This is a highly unsustainable mean of energy service supply, carbon intensive and 
uneconomical considering exergy as the rational basis for pricing an energy carrier. 
The general heat supply system in Japan is particularly interesting in a way that the 
heating paradigm in residential buildings is rather focused on heating individuals than the 
surrounding air within a residence. Due to uneven heat distribution over space and time, this 
usually leads to lower comfort level compared to e.g. building with central heating and 
distribution through ducts or pipes and radiators. The heat is mainly supplied through small 
portable heating units that generate heat from fossil fuel combustion, commonly kerosene, or 
electricity or more expensive reversible AC units limited to a single room. Atop of that, 
energy building codes for north of Japan are relatively mild compared to European countries 
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with similar winter conditions and European building standards are even likely to become 
stricter as the commencement of the nZEB (nearly zero energy building) directive approaches 
(comparison based on (Buildings Performance Institute Europe (BPIE) 2011; Evans et al. 
2009)).  
In contrast to the building based heat generation units, district heating systems (DHS) 
utilize centralized heat sources and supply the heat to buildings through extensive pipeline 
networks. DHSs are already well established, especially in Northern Europe, as an effective 
way for supplying heat to the built environment by integrating various local distributed heat 
sources along with fossil fuel, increasing sustainability and flexibility of the heat supply 
system. Potential local heat sources include industrial waste heat, local waste such as 
municipal solid waste (MSW), sewage sludge and other waste biomass or renewable sources 
such as geothermal and solar energy. Any of these sources can be found in useable amount in 
most cities, however the resource potential is currently highly underutilized (Connolly et al. 
2012). Lund et al. (Lund et al. 2010) have demonstrated the importance of DHSs for 
countries in relatively cold climates for reaching low carbon societies under strict GHG 
emission reduction policies in near future. However, expensive distribution network of DHSs 
can limit its extension to areas with sufficient heat density as is shown in (Münster et al. 
2012; Persson and Werner 2011). 
By addressing the shortcomings of the current heat supply system paradigm, the 
academic society has, in recent years, realized that exergy performance improvement 
potential of building heat supply systems, as well as other HVAC systems, may be 
considerable (Schmidt et al. 2011). Exergy, a physical property describing the quality of 
energy, can be used for identifying the location, magnitude and source of true inefficiencies 
of a system and is an effective criterion for energy system analysis and design. Number of 
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studies on heat supply systems for the built environment have been conducted with focus on 
identifying main inefficiencies in the supply chain of various heating systems and 
consequently, striving to find a way of supplying the required heat demand by minimizing the 
primary energy input to the system (Balta et al. 2011; Gonçalves et al. 2013; Hepbasli 2012; 
Jansen et al. 2012; Kalinci et al. 2009; Sakulpipatsin et al. 2010; Terés-Zubiaga et al. 2013; 
Yildiz and Güngör 2009; Zhou and Gong 2013). Most of these studies apply so called low 
exergy (lowex) analysis based on a pre-design tool presented by Schmidt in (Schmidt 2004b) 
and later by the IEA’s ECBCS Annex 49 (Schmidt et al. 2011). Some studies focus more on 
the effect of building envelope on HVAC system exergy consumption e.g. Zhou et al. (Zhou 
and Gong 2013) and Sakulpipatsin et al. (Sakulpipatsin et al. 2010) while others focus more 
on exergetic performance of different supply systems e.g. Zubiaga et al. (Terés-Zubiaga et al. 
2013) and Balta et al. (Balta et al. 2011). Other studies conduct exergy analysis of emerging 
energy systems for the built environment without applying the pre-design tool. With good 
potential as a low exergy heating system, utilising low temperature heat sources and 
electricity very effectively, ground-source heat pumps have considerable attention by 
researchers. Hepbasli et al. (Hepbasli and Tolga Balta 2007) demonstrated the high exergy 
performance potential of ground-source heat pumps application with low enthalpy 
geothermal source. Ozgener et al. and Esen et al. reached the same conclusion about the high 
performance of GSHP system in their analytical studies (Esen et al. 2007; Ozgener and 
Hepbasli 2007) and where large energy savings are obtained, e.g. severe winter conditions, 
Esen et al. found that GSHP can be economically competitive with many conventional 
heating and cooling systems (Esen et al. 2006). Exergy analysis of other emerging renewable 
based building climatisation systems have been conducted and are comprehensively reviewed 
by Torio et al. (Torio et al. 2009). For comparison of exergetic performance of studied 
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HVAC systems, the extensive review of Hepbasli is referred (Hepbasli 2012). 
In order to account for the cost of exergy consumption throughout a system and analyse 
the rational cost formation and cost rate of a process, economic principles can be linked with 
the exergy analysis through technique called exergoeconomics (or thermoeconomics)(Bejan 
et al. 1996). Such analysis gives useful information about distribution of cost formation, 
accounting for exergy consumption, between system components and product streams for 
policy makers and designers and operators of thermal and chemical processes. Although 
initially mainly applied to large scale power plants and chemical processes, exergoeconomic 
theory has been applied to heating systems of the built environment in number of researches. 
Several exergoeconomic analyses have been conducted on different geothermal DHSs in 
Turkey using real operation data for assessing the cost effectiveness of system components 
such as pumps and heat exchangers (Alkan et al. 2013; Keçebaş 2011; Oktay and Dincer 
2009; Ozgener et al. 2007b; Tan and Keçebaş 2014). However these studies only consider the 
source and the supply network up to the built environment. Bagdanavicius et al. studied and 
compared different types of community scale CHP plants using the specific exergy cost 
method (SPECO) finding that a gas turbine system has the lowest unitary exergy cost 
(Bagdanavicius et al. 2012). Zafar et al. conducted an exergoeconomic analysis of hybrid 
renewable energy system for residential application with focus on finding most feasible 
operation of on-site hydrogen generation for micro-CHP fuel cell unit (Zafar and Dincer 
2014). Tempesti et al. conducted a similar analysis to find the most cost-effective working 
fluid of a geothermal and solar based micro ORC (Tempesti and Fiaschi 2013). 
Exergoeconomic analysis has also been used to assess storage systems for buildings and 
districts. Caliskan et al. assessed a building based hybrid thermal energy storage system 
consisting of sensible, latent and thermochemical storage (Caliskan et al. 2013) and 
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Bagdanavicius et al. investigated the thermoeconomic benefit of using waste heat from a 
compressed air energy storage system to feed a DHN (Bagdanavicius and Jenkins 2014).  
Some researchers have also attempted to link low exergy analysis with exergoeconomic 
analysis. Balta did, along with low exergy analysis, a comparison of total exergy cost of three 
different heating systems, demonstrating superior cost effectiveness of condensing boiler 
over standard boiler and air heat pump (Balta 2012). Yucer and Hepbasli have carried out 
series of studies where they conduct an exergoeconomic analysis of a heat supply system to a 
built environment. The first one includes a central heating system, consisting of a 
conventional boiler, water heater and distribution pipes up to the building envelope (Yucer 
and Hepbasli 2012). In the second one they consider the whole space heating supply chain of 
a building where they both include the heat supply system and the building envelope. For the 
analysis they combine an exergoeconomic (using EXCEM analysis based on Dincer and 
Rosen (Dincer and Rosen 2013)) and the low exergy analysis proposing the term 
lowexergoeco analysis (Yucer and Hepbasli 2013). Most recently they conducted an 
exergoeconomic analysis of similar system as in (Yucer and Hepbasli 2013) but apply 
SPECO analysis instead of EXCEM analysis (Yücer and Hepbasli 2014) where they find the 
unitary exergy cost of system components and as in (Yucer and Hepbasli 2013) they conclude 
that the heat generation system has the highest priority of improvement. They do however not 
consider the effect of hot water demand in their exergoeconomic analyses and limit their heat 
source to small scale steam boiler burning fuel oil. 
It is apparent that only few studies have attempted to combine low exergy and 
exergoeconomic analysis for evaluation of heat supply systems for the built environment and 
has the consideration of domestic hot water been neglected for the most part. Furthermore, 
current exergoeconomic analyses of DHSs disregard the indoor building supply part of the 
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whole supply chain, i.e. the consumer substation and heat emission system within the 
building envelope. With the shortcomings of current literature in mind, the purpose of this 
study is to conduct a comparative exergoeconomic analysis of a heat supply chain of a single 
dwelling considering a heat supply system paradigm of Japan and a hypothetical DHS and 
thus extend the use of lowexergoeco analysis. For the analysis, the SPECO method is 
combined with the low exergy pre-design tool at steady state, but the SPECO method uses 
specific exergy cost of a stream to evaluate the cost rate of system components and the cost 
formation of product stream throughout a chain of components accounting for exergy 
destruction and losses (Lazzaretto and Tsatsaronis 2006). Accordingly, the main objectives of 
this study are to (a) obtain numerical comparison of two heat supply systems through specific 
exergy cost and system efficiencies, (b) evaluate the thermo-economic synergy effect of the 
DHS in terms of specific exergy cost of product streams and (c) derive exergoeconomic 
relations for subsystems evaluation. Finally, a discussion on the improvement potential of the 
DHS from low exergy principles perspective is carried out. 
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4.2 Case study and systems description 
4.2.1 The case city and representative dwelling characteristics 
In order to obtain local specific characteristics in terms of total heat demand, heat 
sources and geographical characteristics, Hirosaki city was chosen as a case study. Hirosaki 
is located in North of Japan and is relatively small city with population of ca. 183,000 and 
number of households is 69,909 which are mainly of single detached or small residential 
building type. It has cold and snow heavy winters and the heating period is from October 16th 
to April 30th with average temperature of 3.3°C and number of heating degree days (HDD) is 
2,539 (with 15.5°C as heating threshold). 
For the purpose of this analysis, a small residence of typical residential building in 
Japan of same type as in (Schmidt and Shukuya 2003) was chosen. The dimensions are 6m x 
6m x 3m for width, length and height respectively, with exterior wall area of 45 m2 and 
window and door area of 9 m2. The building is assumed to fulfil current building energy code 
requirements of Japan considering Hirosaki’s climate zone (Evans et al. 2009). The building 
envelope segments where heat loss occurs and their U-values are listed in Table 4.1. Solar 
gain of the building is neglected and internal heat gain and air exchange rate through natural 
ventilation are assumed to be 5 W/m2 and 0.5 ach respectively. Space heating loads for 
required indoor temperature of 20°C at design temperature, -12°C, and average temperature 
over the heating period, 3.3°C, are 2,163 W and 1,043 W respectively. The average hot water 
load over a day was calculated as 572 W, considering heating of groundwater of temperature 
10°C to 55°C and consumption of 267 L/day (Mae et al. 2004). Due to the concentrated use 
of the hot water requiring flow capacity of 0.15-0.2 L/sec the required water heating design 
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capacity is on the range of 28 to 37 kW. 
4.2.2 Current heat supply system model 
For acquiring information on space heating and water heating of the residential and 
commercial sector of Hirosaki city, an energy consumption analysis was conducted, 
disaggregating the total annual energy consumption by type and source using municipal 
statistics, downscaling of higher level energy accounts and earlier work of Shimoda et al. 
(Jukankyo Research Institute 2009; Shimoda et al. 2010; The Energy Data and Modelling 
Center 2011). The annual energy flow of the heat supply system is demonstrated in Figure 
4.1. Hirosaki city’s heat supply system is a good representation for the general heat supply 
paradigm of Japan although fuel shares vary between cities. 
For capturing the heat supply system of the city, it is scaled down to the case residence 
and the share of heat supply sources and corresponding conversion devices correspond to 
Figure 4.1. Therefore, space heating demand is being supplied by reversible AC unit driven 
by electricity from the grid and kerosene heater. The hot water demand is being supplied by 
instantaneous gas boiler burning city gas and LPG and instantaneous kerosene boiler. 
Furthermore, the conversion units require auxiliary power to operate supplied by the grid. 
The procurement of kerosene is generally carried out by the consumer from retail shops but 
city gas and LPG are delivered through gas pipelines and systematic home delivery service. 
The heat supply system of Hirosaki will hereon be referred to as conventional heat supply 
system. 
77 
 
4.2.3 District heating system design 
As an alternative heat supply system, a hypothetical DHS was modelled according to 
local specific geographic and load characteristics of the case city. District heating systems 
with low operating temperatures (60/30°C) are desirable due to positive socio-economic 
impact and better network performance. It enables integration of low temperature heat like 
waste heat, solar and low enthalpy geothermal and ground source heat, consequently 
increasing the share of low quality heat sources increasing the exergy efficiency and thus 
sustainability of the DHS. Lower operating temperatures also affect the heat sources in 
positive way, for example does solar collector efficiency increase and the efficiency of CHP 
plants with extraction condensing turbines improves due to reduction of electricity losses 
(Dalla Rosa et al. 2012). Torio and Schmidt also demonstrated that exergy efficiency of a 
DHS improves with lower supply and return temperatures (Torio and Schmidt 2010).  
Low temperature system has however been found to be less economical compared to 
medium temperature system (80/40°) (Dalla Rosa et al. 2012; Woods et al. 1999). 
Furthermore in case of low temperature system, an integrated design of the built environment 
and building heating system resulting in reduced heating demand may be required to ensure 
sufficient comfort levels of indoor and hot water temperatures (Dalla Rosa and Christensen 
2011). As low temperature system might not be feasible giving the prevailing energy 
performance of Hirosaki’s built environment and medium design temperatures are still 
favourable within the state of the art DHSs, a medium temperature DHS is selected for the 
analysis. Giving that the design supply temperature is 90°C or lower, in addition to indirect 
connection, a direct connection of buildings is feasible as long as the pressure level of the 
network is compatible with the building heating system.  
In an extensive study, Woods et al. did an economical comparison of direct and indirect 
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connection of a DHS for different building types and climates (Woods et al. 1999). They 
found that keeping the network pressure below 7 bar (compatible pressure level) entails only 
"marginally higher" network lifetime cost compared to higher pressure levels with an 
"negligible cost penalty". In fact, the benefit of avoided capital expenses, e.g. heat exchanger, 
secondary circulation pump and pressurisation equipment, in case of the direct connection, 
have been found to exceed the marginal network cost increase due to distributed pumping 
stations. The total system cost was e.g. found to be about 5% lower in case of direct 
connection of apartment buildings. In addition, the building can receive lower supply 
temperature compared to indirect connection as there is no temperature drop over a building 
heat exchanger for providing space heating. Lower supply temperature to the DHN (district 
heating network) has economic benefit in lower operation cost of the heat plant (Woods et al. 
1999). Accordingly, a directly connected system is selected. 
4.2.3.1 Building heating system 
For simplification the residence is considered being connected directly to the DHN 
rather than the residence building. The configuration of the heating system can be seen in 
Figure 4.2. The design temperatures of the radiator are set as 70/40°C and the total heat 
capacity needs to exceed the load at design temperature. Two radiator units with total heat 
output of 2,183 W are selected for the analysis (E.C.A. Germany 2013). For indoor supply to 
the radiator units, a 2 inch pipe is considered requiring total length of 36 m. 
Ground water from the tap water distribution system is heated in an instantaneous hot 
water heat exchanger. It is heated to 55°C for ensuring sufficient sanitary level and 
prevention of bacteria such as legionella. A plate heat exchanger with exchange area of 0.14 
m2 and with heating capacity range of 32-41 kW is selected for the analysis (Danfoss n.d.).  
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The radiators supply and return temperatures are operated linearly in accordance with 
outdoor temperature. However, as the radiator and hot water heat exchanger are supplied 
directly through the same system, the residence water inlet temperature has lower limit of 
57°C, the minimum temperature required to heat up the tap water to 55°C, as can be seen by 
equation ( 4.1 ) (Torio and Schmidt 2010). 
 
𝑇V,NX3 = 𝑚𝑎𝑥 𝑇\C + 2𝑇 01,NX3 𝑇_ + 2 ( 4.1 ) 
 
This also limits the return temperature from the radiators. For adjusting the heat output from 
the radiators to the space heating load, radiator through-flow is controlled by the back 
pressure valve. 
4.2.3.2 District heating supply network 
For the purpose of this study, a detailed network layout design for the case city is too 
cumbersome and not considered to be necessary. Thus for simplicity reasons, the unknown 
and complex distribution network is treated in an aggregated way as a single pair of supply 
and return pipes between heat sources and the single consumer, as Figure 4.3 demonstrates. 
As the network equivalent length is unknown, the supply temperature from the DHN to the 
consumer is assumed to match the minimum required supply temperature to the consumer, 
making the position of the consumer within the unknown network arbitrary. Other 
simplifying assumptions for the network are that the supply and return pipes have the same 
pressure drop and equivalent length and diameter. 
Although the total area of Hirosaki is 525 km2, the built environment is densely 
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distributed in a cluster with area of approx. 37 km2 where rest of the city area is covered by 
farmland, mountains and forests. The consumer connection rate is assumed as 100%, thus 
neglecting heat density and its cost implication in terms of network extension. The design 
load of the system was estimated at 295 MWth for space heating and 81 MWth for water 
heating. Space heating design load was calculated from the total annual heat demand 
according to Figure 4.1, design temperature and the heating degree days using 
 
𝑄BC,` = 𝑄BC(𝑇'b − 𝑇 )24 ∙ 𝐻𝐷𝐷  ( 4.2 ) 
 
where the heating threshold temperature, Tth, is 15.5°C for accounting for solar and internal 
heat (Day 2006). The hot water peak load for the residential sector is calculated from number 
of households and average hot water consumption found by extrapolating data from (Mae et 
al. 2004) to fit Hirosaki’s average number of residence per household of 2.62: 
 
𝑄\C,h(N,` = 𝑉\C,h(N∙𝜌 ∙ 𝑐3 𝑇\C − 𝑇j\ ∙ 𝐻𝐻24 ∙ 3600  ( 4.3 ) 
 
Hot water consumption of the commercial sector is mainly due to bathing houses and 
restaurants and is relatively evenly distributed compared to the residential sector. Therefore a 
load factor of 0.55 is chosen to calculate the hot water peak load of the commercial sector 
share of the annual water heating consumption with 
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𝑄\C,n/o,` = 𝑄+ℎ𝑟+ ∙ 𝐿𝐹 ( 4.4 ) 
 
where Qi and hri are the energy consumption and duration in hours of period i, which here is 
one year. 
For obtaining required parameters for cost estimation and pressure loss of the network, 
an empirical data and formulas based on study by Persson and Werner (Persson and Werner 
2011) are utilized. The scope of their data gathering covers 1703 districts within 83 cities in 4 
European countries and is quite extensive. Based on the data they developed empirical 
formulas for carrying out pre-cost analysis of districts with no distribution network in place. 
Based on the city characteristic data listed in Table 4.2 a relationship to find the network 
trench length, network equivalent diameter and network cost is derived. First the effective 
width of the network is estimated: 
 
𝑤 = 61.8 ∙ 𝑒yR.Iz ( 4.5 ) 
 
where e is the ratio of AB/AL. The total network trench length is then approximated to be 488 
km through the ratio of AL/w. The network equivalent diameter is estimated at 0.106 m using 
the following relationship: 
 
𝑑({ = 0.0486 ∙ 𝑙𝑛 𝑄N𝐿 + 0.0007 ( 4.6 ) 
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According to the findings of Dalla Rosa et al., indicating that design return temperature 
of 40°C, compared to 55°C, results in lower levelized cost of the supplied heat and higher 
temperature difference is favourable, the design supply and return temperatures were selected 
as 90/40°C (Dalla Rosa et al. 2012). A mixed mass flow and supply temperature regulation of 
the system was assumed where the supply temperature is a function of outdoor temperature as 
demonstrated by Figure 4.4 (Snoek et al. 2002). 
The mass flow required to supply the total thermal load of the system is estimated using 
 
𝑚`C = 𝑄'/'𝑐3 ∙ (𝑇NX3 − 𝑇 (') ∙ 𝜂`C ( 4.7 ) 
 
where ηDHN is the average network thermal efficiency accounting for heat losses in the 
network assumed to be 0.9 here (Schmitt and Hoffmann 2002).  
In order to keep the network pressure compatible of maximum 7 bar with the building 
heating system due to direct connection, over sizing network pipes or distributed pump 
stations throughout the network are required. Here, distributed pump stations are selected as 
their economic effectiveness has been demonstrated in (Woods et al. 1999). A design 
pressure of 7 bar is selected and pressure drop of 100 Pa/m in the network is assumed 
following a rule of thumb (Pirouti et al. 2013). A pressure drop of 0.5 bar is assumed at 
building substation and enough pressure needs to ensure the return of the water to heating 
plants, thus limiting the distance of critical consumer from pump station to ca. 3000 m of 
network length. Accordingly, a single pump is estimated to cover area of 4 km2 of the 37 km2 
land area requiring 9 pumping units. The total required pumping power is found using the 
following equation and then divided between the 9 pumping units. 
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𝑄3Xo3 = 𝑚`C ∙ ∆𝑝`𝜌 ∙ 𝜂3Xo3  ( 4.8 ) 
 
The network pressure drop deviates from the design pressure according to change in 
flow rate from design conditions according to the following equation (Snoek et al. 2002):  
 
∆𝑝 = 𝑚𝑚`  ∙ ∆𝑝` + ∆𝑝NXV ( 4.9 ) 
 
where Δp0, Δpsub, and ηpump are design pressure drop, pressure drop at building substation and 
pump efficiency of 0.7 respectively. 
4.2.3.3 Local heat sources and heat plants 
(1)  Geothermal heat supply model 
Japan is located on tectonic plate boundaries and is rich of geothermal resources. 
Currently, geothermal resources in Japan are debatably well underutilized and low 
temperature geothermal sources almost solely limited to public bathing. Hirosaki is 
conveniently located close to Hakkoda volcano, which residual subsurface magma is heating 
up meteoric water accumulating in reservoirs within fault systems. The Shimoyu geothermal 
field is in ca. 23 km distance from Hirosaki city and is considered having potential for 
exploitation and has undergone a thorough exploration under the scope of the research 
program “The survey of promotion for development of geothermal energy” carried out by the 
New Energy and Industrial Technology Development Organization (NEDO) in Japan 
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(Mitsubishi Materials Techno 2011). The Shimoyu geothermal model indicates that the 
geothermal field consists of two interconnected aquifers capable of providing fluid for 
electricity power production of ca. 13,000 kWe, however not considered being cost feasible 
under current conditions. 
For this study, geothermal fluid from the Shimoyu geothermal field is considered as a 
heat source for the DHS and its direct heating capacity is estimated using the geothermal 
model of the Shimoyu reservoir. Due to the the local specific conditions of the geothermal 
resource and for reasonable economic analysis, a production and transmission system is 
modelled as displayed in Figure 4.5. For hot water production from the field, two 800 m deep 
wells are drilled into the shallower aquifer producing hot water of 110°C. The exploration of 
the geothermal field did not give accurate value of permeability and for estimating production 
rate of wells the permeability factor, kh, was made vary from 0.1 to 10 darcy-m. Here, a 
conservative estimation of 1 darcy-m is selected and with use of in-depth well pumps a total 
production rate of 128 kg/sec is estimated. The power capacity of the well pumps is estimated 
using equation ( 4.8 ) where the pressure difference, difference between static and dynamic 
head, is estimated at 1,500 kPa and efficiency is 0.9 (Drader et al. 2012). One reinjection well 
is included for sustaining the resource. Geochemical features of the geothermal fluid and 
potential treatment requirements are neglected here. 
Due to geographical hindrances, the required transmission pipeline length from 
production wells to Hirosaki’s DHS is estimated to be 30 km. Pressure loss is assumed to be 
0.1 MPa/km and the pipe diameter is found using the following relation (Bejan et al. 1996): 
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∆𝑝𝜌 = 𝑓 ∙ 2𝐿𝑑 4𝜔𝜋𝑑  ( 4.10 ) 
 
where ω is the volumetric flow rate and friction factor, f, is found using Nikuradse’s 
approximation: 
 
𝑓 = 12 ∙ log 3.715 ∙ 𝑑𝑘𝑠  ( 4.11 ) 
 
with roughness factor, k, of 0.00004 m. An underground steel pipe with polyurethane 
insulation and polyethylene coating with pipe size of DN350 was selected for the 
transmission. Heat loss in the transmission pipe is estimated by iterating the following 
equation until temperature reduction becomes negligible. 
 
∆𝑇C = 𝑎 ∙ 𝑇o − 𝑇R  ( 4.12 ) 
 
where a is defined as 
 
𝑎 = 𝐿𝑚 ∙ 𝑐3 ∙ 𝑅 ( 4.13 ) 
 
R is the pipe’s total thermal resistance of 1.416 m°C/W and Tm is the average temperature of 
water in pipeline. Required power of circulation pump is again calculated using equation 
86 
 
( 4.8 ) assuming efficiency of 0.8. 
A counter flow plate heat exchanger is used to separate the geothermal system from the 
DHN and transfer the geothermal heat to the network. It is sized using the log-mean 
temperature difference method using the following equation (Turns 2006). The heat 
exchanger is assumed as adiabatic. 
 
𝑄 = 𝑈 ∙ 𝐴 ∙ ∆𝑇.o ( 4.14 ) 
 
From parameters listed in Table 4.3 the required exchange area is calculated as 466 m2 with 
selected overall heat transfer coefficient, U, of 5,100 W/m2-K (Dagdas 2007). 
 
(2)  Local waste source potential for DHS 
In addition to the geothermal source, the heat generation potential of waste wood 
biomass, municipal solid waste (MSW) and sewage sludge from within Hirosaki city was 
estimated from their LHV and considered as a heat source for the DHS. Hirosaki is the 
biggest apple producer in Japan with acres of apple trees resulting in plenty of waste wood 
from pruning and trimming of the trees. With over 100 km2 of forest area, thinning and 
cutting down forest ads further to the waste wood utilisation potential. The annual amount 
and energy potential of the waste wood biomass, MSW and sewage sludge along with the 
nominal thermal capacity and heat plant parameters for each source is listed in Table 4.4.  
The biomass LHV of 13.7 GJ/tonne is on dry weight tonne basis, thus considerably 
higher than the MSW and the sewage sludge with LHV of 8.8 GJ/tonne and 4.0 GJ/tonne 
respectively. The low LHV of sewage sludge is due to moisture content of roughly 80%. 
Natural gas boiler is used for meeting the insufficiencies of local resources. As building heat 
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supply systems are of interest in this study, heat only boilers (HOB) are believed to fit the 
study purpose and thus selected although authors acknowledge that CHP plants might be 
preferable in practice. Boilers capacities are sized assuming average capacity factor of 0.85 
and availability factor of 0.96 except the woody biomass and sewage sludge boilers which 
availability are limited to the heating period with availability factor of 0.54 over a period of a 
year. There are already two MSW incineration plants operating in Hirosaki capable of 
providing heat to boilers with capacity of 20 MWth and 9 MWth. For transferring heat to the 
DHN loop, a condensing boiler is assumed to be interconnected to each of the incineration 
plant as has been studied by Chen et al. (Chen et al. 2012). However the design return 
temperature of the district heating system of 40°C limits the condensing potential of the 
incinerator flue gas but return temperature of roughly 30°C is required for full condensation 
providing efficiency exceeding 100% (of fuel LHV). Therefore an efficiency of 0.95 is 
considered at design load. A co-firing HOB of wood chip and sludge as has been studied by 
Horttanainen et al. (Horttanainen et al. 2010) is applied in this study. Before entering the 
boiler, the sludge undergoes a drying process using heat from the boiler and electricity to 
increase its dry solid content up to 80-90%, resulting in high auxiliary power consumption for 
the sludge. The boiler thermal efficiency is affected by the dry solid content of the sludge at 
combustion and how much generated heat is spent in the drying process. Due to low co-firing 
ratio of sludge to biomass of ca. 1/6 and the fact that the sludge is being dried to 90% dry 
solid content, a higher thermal efficiency can be assumed at 0.9, compared to the case of 
(Horttanainen et al. 2010). The auxiliary power of the chip feeder to the boiler is estimated at 
1 W/kW.  
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4.3 Exergy analysis and the specific exergy cost method 
4.3.1 Exergy analysis 
For the energy and exergy analysis a pre-design tool based on input-output approach 
presented by the ECBCS Annex 49 is used (Schmidt et al. 2011). The analysis is carried out 
at steady state at average outdoor temperature over the heating period of 276.3 K, thus 
considered as reference temperature T0, with matching space heating and water heating load 
given in chapter 4.2.1. The reference pressure is at atmospheric pressure. The two systems are 
divided into subsystems according to Figure 4.6 showing the exergy flow from primary 
energy sources through each subsystem and finally the building envelope where the exergy 
reaches dead state. 
The calculation procedure starts down-stream, accounting for inefficiencies at each sub-
system, finally finding the required total energy input and its exergy content to the system. In 
order to acquire exergoeconomic relations for the whole supply chain in terms of the DHS, 
the exergy analysis of the DHS is done from a single consumer perspective where the supply 
of the DHN is scaled down to that single consumer. Accordingly energy accounting, based on 
thermodynamic and mass balance, for the case residence is carried out throughout the whole 
supply network. The SPECO method requires identification of fuel and product stream for 
each subsystem. The analysis is fairly linear in the sense that a product stream of a subsystem 
becomes the fuel stream for following subsystem with additional electrical work input where 
required. Exergy losses due to heat or material losses and the exergy destruction due to 
irreversibilities of a subsystem are treated together and referred to as exergy consumption. 
The definition of fuel and product exergy streams is listed in Table 4.5.  
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The total exergy consumption of each subsystem is then the difference between fuel and 
production streams. 
 
𝐵)/U = 𝐵 − 𝐵 ( 4.15 ) 
 
The fuel stream to the “Envelope” subsystem is the exergy rate at room temperature 
being transferred to the reference environment where it reaches dead state. The fuel stream to 
“Room air” subsystem is however the exergy rate into the room air at higher temperature than 
the room temperature where exergy consumption occurs as the exergy from heating system 
disperses within the room air. The temperature level of heat being emitted and/or convected 
from the heating device depends on its operation temperatures and is defined as the log-mean 
temperature difference of the heating system operation temperatures and the desired room 
temperature according to equation ( 4.16 ). 
 
𝑇b = 𝑇NX3 − 𝑇 ('𝑙𝑛 𝑇NX3 − 𝑇+𝑇 (' − 𝑇+ + 𝑇+ ( 4.16 ) 
 
The operation temperatures of conventional system heating devices are given in Table 4.6 
among unit efficiency, heat output scaled down from Hirosaki’s total heat generation profile 
and auxiliary power required.  
In the DHS, the supply and return temperatures of the radiators are 55°C and 34°C 
respectively at reference conditions. The energy input to the radiator is estimated assuming an 
efficiency of 0.95. The exergy fuel rate of “In-house distribution” subsystem is calculated 
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from the heat loss of 2°C until the radiator inlet. No exergy consumption occurs in the space 
heating network connection in the building substation of the DHS as it connects the in-house 
distribution line directly to the DHN. The network circulation pumps generate the flow of 
water through electrical work. By overcoming the flow friction in the pipe network the 
electrical work transforms into heat defined as the average temperature of the network flow, 
Tm. 
At the building substation inlet the required mass flow equals the mass flow to radiator 
and hot water heat exchanger added together. At reference conditions this flow is estimated at 
0.0162 kg/sec with supply and return temperatures of 57°C and 31°C respectively using 
energy and mass balances subject to radiator and hot water heat exchanger regulations, but 
flow to the hot water heat exchanger is the daily average. The radiator flow rate is lower than 
the standard as the radiator supply temperature is higher than needed. As this analysis is 
carried out from a single user perspective the required mass flow of the case consumer is 
utilized for exergy accounting of the DHN and heat supply plants to the DHN. At reference 
conditions the supply temperature of the DHN is 70°C and the return temperatures at heat 
supply plants is estimated as 28°C (assuming the network average 10% heat loss). The supply 
temperatures to the DHN and to the consumer are both fixed and their difference is 
considered as heat loss. 
The exergy rate of product stream definition of HOBs and geothermal heat supply heat 
exchanger, declares that the mass flow is distributed between the heat supply plants according 
to their heat output share of total heat load of the DHN. The exergy rate of fuel input to the 
heat generation systems of the conventional system and HOB of the DHS depends on the fuel 
grade or chemical exergy factor, φ, which is found in literature. In line with the Annex 49 
pre-design tool, the total energy input to the heat supply system is then found using primary 
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energy transformation factor, FPE, listed along with the chemical exergy factor for different 
fuels considered in this study in Table 4.7. The primary energy factor accounts for building 
and heat plants upstream energy consumption and losses due to resource extraction, energy 
conversion and transport or transmission for both fuel and electricity, aggregated in the 
"Primary energy transformation" sub-system. 
Where the sensible thermal exergy change of streams in Table 4.5 is not used, e.g. in 
case of the hot water heat exchanger and boiler outputs, the physical exergy definition is used 
where 
 
𝑏 = ℎ − ℎR − 𝑇R 𝑠 − 𝑠R  ( 4.17 ) 
 
The values for enthalpy, h, and entropy, s, are taken from thermodynamic table for saturated 
water and the subscript 0 defines values at reference conditions. 
The exergy rate of input air to the boilers for combustion is neglected here. The exergy 
consumption of boilers occurs due to the primary energy transformation from chemical 
energy to thermal energy, exergy loss in heat transfer from effluents to water, exergy rate of 
heat loss from boiler surface, exergy rate of flue gas and other internal irreversibilities 
however treated as aggregated unit. Disaggregated exergy analysis was conducted for the 
geothermal supply segment where exergy consumption occurs in the well and transmission 
pumps, transmission pipeline and the heat exchanger connecting to the DHN as the 
geothermal supply exergy balance shows. 
 
𝐵T(/ + 𝑊(.(3Xo3 = 𝐵`C + 𝐵)/U3Xo3 + 𝐵'o,)/U + 𝐵T(/C,)/U ( 4.18 ) 
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4.3.2 Economic analysis and the specific exergy cost method 
Exergoeconomic analysis is an integrated combination of exergy analysis and economic 
analysis where exergy consumption and inefficiencies of systems and system components are 
accounted for in cost balance and cost formation. The SPECO method aims at assigning cost 
to exergy of each fuel and product stream interacting with a component through exergy 
costing, in order to make an exergy based cost balance for the component (here subsystem) 
(Lazzaretto and Tsatsaronis 2006). For applying the SPECO method to the low exergy 
analysis, a monetary value is assigned to each exergy stream entering or exiting a subsystem 
(product and fuel streams) through exergy-based monetary costing equation: 
 
𝐶U = 𝑐U𝐵U ( 4.19 ) 
 
Where 𝐶U and cn are the cost rate ($/h) and average cost per unit of exergy ($/J) of any exergy 
stream n. For calculating the cost rate of exergy consumption of subsystem, the exergy unit 
cost of fuel is used in equation ( 4.19 ). A cost balance is formulated for each subsystem 
based on exergy costing approach. The cost balance shows that cost rates of all entering 
exergy streams and capital investment and O&M cost rates equals to cost rate of all exiting 
streams for a single subsystem. In case of the heat supply chains analysed here, the cost 
balance of component k might look like following where entering streams consist of fuel or 
heat medium and work and exiting streams of heat medium and/or heat transfer. 
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𝐶(, + 𝐶{, = 𝐶+, + 𝐶\, + 𝑍 ( 4.20 ) 
 𝑍 consists of annualized capital investment and annual fixed O&M cost divided by the 
operating time (hours) over a year and is found through economical analysis. The economic 
analysis conducted here follows Alkan et al. (Alkan et al. 2013) where the system annual 
levelized capital investment cost is estimated by summing the present value (PV) of all 
system components and multiply with the capital recovery factor (CRF). 
 
𝐶𝐼NN.( = 𝑃𝑉 ∙ 𝐶𝑅𝐹 ( 4.21 ) 
𝐶𝑅𝐹 = 𝑖 1 + 𝑖 U1 + 𝑖 U − 1 ( 4.22 ) 
𝑃𝑉NN = 𝐶𝐼NN − 𝑆NN 11 + 𝑖 U ( 4.23 ) 
 
n, i and S are the economic lifetime of the whole system of 25 years, expected interest rate at 
6% and salvage value, if any, estimated as 10% of initial capital cost. Some components 
lifetime is less than the lifetime of the system and has to be re-purchased which is accounted 
for in equation ( 4.23 ). As the average inflation rate in Japan has been 0% over 20 year 
period, the nominal interest rate is used in the calculations. The cost rate of the system 
levelized annual capital investment cost and O&M cost is found by dividing with the annual 
operation hours. The cost rate of each component is then found by multiplying the total 
present valued capital investment cost and O&M cost with the component purchased 
equipment cost (PEC) share of the total system PEC. 
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𝑍NNn = 𝐶𝐼NN.(𝜏 , 𝑍NNG = 𝑂𝑀𝐶NN𝜏  ( 4.24 ) 
𝑍n,G = 𝑍NNn,G 𝑃𝐸𝐶𝑃𝐸𝐶NN  ( 4.25 ) 
 
τ is the annual operating hours of the whole system of 8760 hours. 
For further evaluation of each subsystem, two parameters are introduced; the relative 
cost difference, rk, and exergoeconomic factor, fk, defined as following (Bejan et al. 1996): 
 
𝑟 = 𝑐, − 𝑐,𝑐, = 𝑐, ∙ 𝐸𝑥)/U + 𝑍'/'𝑐, ∙ 𝐸𝑥,  ( 4.26 ) 
𝑓 = 𝑍'/'𝑍'/' + 𝑐, ∙ 𝐸𝑥)/U ( 4.27 ) 
 
The exergoeconomic factor compares the share of cost source of a component between the 
capital investment and O&M cost representing the monetary cost and the cost of exergy 
consumption. The relative cost difference however describes the cost increase of exergy 
streams over a component. 
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4.4 Results and discussion 
4.4.1 Exergoeconomic analysis results 
The result of the economic analysis is listed for each cost bearing component within 
both heat supply chains in Table 4.8 and Table 4.9 (cost values are in US$). The economic 
analysis of the geothermal heat supply segment of the district heating system is disaggregated 
as it is more dependent on local conditions than other heat plants and it is mainly based on 
(Mitsubishi Materials Techno 2011). The PEC of a component is the present value of its 
capital investment over the economic lifetime of the whole system in case it exceeds the 
component lifetime, requiring the component to be repurchased. An economic scale factor 
(ESF) is used for estimating the share of the total DHS cost allocated to a single consumer. It 
is based on the notion that the cost of the network distributes between consumers according 
to a single consumer design heat load share of the whole district heating system design load: 
 
𝐸𝑆𝐹 = 𝐷𝑒𝑠𝑖𝑔𝑛	𝑙𝑜𝑎𝑑	𝑜𝑓	𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟𝐷𝑒𝑠𝑖𝑔𝑛	𝑙𝑜𝑎𝑑	𝑜𝑓	𝐷𝐻𝑆  ( 4.28 ) 
 
The economical analysis for the conventional system is straight forward as the heat 
generation devices are sold as a unit and installed in a single building. The total monetary 
cost rate of the conventional system is almost twice as high as for the DHS but cost benefits 
are gained from the synergy effect of cost sharing of the DHN between consumers and 
product streams of space heating and DHW. The relatively low PEC of MSW boilers is 
because the MSW incineration plants already exist and thus the cost of the interconnecting 
condensing boilers is only considered. 
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The results of the energy and exergy analysis for the heat supply systems are listed in 
Table 4.10 and Table 4.11 respectively showing the exergy rate of fuel, work and product 
stream and consumption of each subsystem. 
The energy and exergy flow rates, showing the energy losses and exergy consumption 
through each subsystem, are demonstrated accordingly in Figure 4.7 a) and b). The small 
scale heat generation devices of the conventional system are of high thermal efficiencies. 
Exergy efficiency of the heating devices is however low, ranging from 0.07 of kerosene 
heater to 0.18 of the AC unit, as high grade energy is being transformed through combustion 
or electric work to low grade heat leading to high rate of exergy consumption as Figure 4.7 a) 
demonstrates. 
The total energy efficiency of the conventional system is 0.76 and despite few 
components of the conventional system, the total exergy efficiency of the system is 0.054 and 
low flexibility of the heat supply system leaves a little room for improvement except an 
advancement in combustion technology takes place. 
The DHS heat supply chain has total energy and exergy efficiencies of 0.48 and 0.042 
respectively. Figure 4.7 b) shows that largest exergy consumption occurs in heat plants where 
fuel is combusted generating heat input to the DHN. The geothermal heat supply system does 
however not undergo any energy transformation and has relatively high exergy efficiency of 
0.41 up to the DHN. Within the geothermal supply system, the biggest exergy consumption 
of 37 W, about 50% of total consumption, occurs in the transmission pipeline which is 
estimated to have total length of 60 km. A 34% of the consumption, 26 W, occurs in the heat 
exchanger and 16% is due to exergy consumption of well pumps and circulation pump. The 
exergy efficiency and consumption distribution complies with results of other geothermal 
district heating supply systems exergy analyses, e.g.(Ozgener et al. 2007a). 
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The space heating and water heating supply are presented with different lines in Figure 
4.7 a) whereas they are supplied through the same DHN up till the building substation (ss) in 
Figure 4.7 b). In the substation the supply stream separates between district heating water 
entering the in-house distribution (IHD) pipe line for space heating and water entering the hot 
water heat exchanger (HWHE) which is part of the substation. No loss occurs in the building 
substation for the SH supply as no heat transfer nor work is required. The exergy 
consumption of the in-house distribution system occurs due to the heat loss according to 
equation ( 4.1 ). 
The exergy performance of the room heating subsystem, radiator, depends on the 
operating temperatures of the heating system. The further they deviate from the desired 
indoor temperature the larger the exergy consumption due to heat dispersion from the heating 
system to the room air becomes. The radiator has supply and return temperatures of 328 K 
and 307 K respectively resulting in room air heating exergy efficiency of 0.45. The heating of 
room air in the conventional heating system has exergy efficiency of 0.67 due to lower 
operation temperature of 308 K and 298 K of supply and return air respectively. 
Worth mentioning here is the selection of primary energy factor. The use of primary 
energy factor has been admitted as standardized method for calculating the total energy use of 
buildings within the EU member countries (EU-directive 2010/31/EU on Energy 
Performance of Buildings (EPBD)). There are two ways of accounting for the primary energy 
input to the system that each member country can choose from; the “Non-renewable primary 
energy factor” considers the factor of renewable energy sources as 0 and the “Total primary 
energy factor” considers the factor of renewable energy sources as 1. Here the total primary 
energy factor method was chosen as listed in Table 4.7. However the Non-renewable primary 
energy factor method is preferred by some , e.g. (Schmidt 2004b), and was applied on the 
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DHS for comparison where geothermal, MSW and sewage sludge have FPE of 0 and the 
waste biomass of 0.1. The large share of renewable and waste energy sources into the DHS, 
accounting for 37% at reference conditions, results in considerable increase in total energy 
and exergy efficiencies of the DHS, namely at 0.752 and 0.057 respectively, making the DHS 
more exergy efficient than the conventional one and almost at point in terms of energy 
efficiency. 
Exergoeconomic relations are listed in Table 4.12 and Table 4.13 showing the cost rate 
and exergy cost of work, fuel and product streams, total exergy consumption, 
exergoeconomic factor and relative cost difference for the conventional system and DHS 
respectively. Figure 4.8 a) and b) further demonstrate the unitary exergy cost formation 
through each heat supply system and Figure 4.9 a) and b) compare exergy rates and relative 
cost difference of subsystems. An exergy cost of component can occur from two sources; 
exergy destruction and losses, here referred to as exergy consumption, and capital investment 
and O&M cost or monetary cost (Bejan et al. 1996).  
The costs of fuel and electricity input to the systems are according to real fuel prices in 
Japan in 2012, where conventional system consumer pays according to retail tariffs and the 
heat plants operators according to industry or wholesale tariffs. Sewage sludge and MSW are 
considered having no cost as heat generation is a by-product to the primary purpose of waste 
disposal. The cost of geothermal fluid itself is also none but all major cost factors of the 
geothermal fluid supply system are accounted for in the economic analysis. The cost of 
biomass chip is 11 $/MJ due to collecting of the waste wood and chipping cost. If fuel 
streams are more than one, their cost is combined through weighting average based on exergy 
rate of each fuel stream. 
The unit exergy cost of the conventional system becomes 686 $/GJ for space heating, 
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the exergy cost at which heat is being dispersed through the building boundary, and 726 $/GJ 
for domestic hot water consumption. The main cost increase occurs in the heat generation 
systems as is demonstrated in Figure 4.8 a). Accordingly the average relative cost difference 
is approx. 15 and 22 for the space heating devices and water heating boilers respectively. 
This is due to high share of monetary cost and exergy consumption cost rate of the total cost 
rate of the subsystem accounting for 54% and 64% for the space heating and water heating 
devices respectively, as demonstrated in Figure 4.9 a). The exergoeconomic factor shows that 
of those respective shares, 21% and 48% of the cost source are monetary related. Of the heat 
generation devices, the reversible AC unit has the lowest r-factor of 7.5-fold relative cost 
increase of the device but this is mainly due to high thermal COP. Although the “room air” 
subsystem does not bear any monetary cost it contributes to exergy cost increase due to 
exergy consumption which is dependent on the space heating device characteristics as 
discussed earlier. The lower relative cost difference of the AC unit compared to other heat 
generation units complies with the result of Balta which found that an air heat pump 
(COP=2.5) is more effective system with lower total exergy cost than standard boiler (Balta 
2012). 
The unit exergy cost of space heating and water heating of the DHS become 508 $/GJ 
and 273 $/GJ respectively and is considerably lower than in case of the conventional system. 
Figure 4.8 b) shows that the cost increase is more subtle and even in case of the DHS. It can 
be seen that the biggest cost increase, excepting the room air, occurs in the heat plants and 
DHN leading to the building subsystem with relative cost difference of 5.7 and 1.1 
respectively. Similar to the heat generation systems of the conventional system, a large cost 
rate of exergy consumption occurs in the heat plants. The share of capital and O&M cost rate 
of heat plants is however much smaller compared to the heat generation systems of the 
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conventional system with exergoeconomic factor of 0.10 compared to 0.21 and 0.49 of space 
heating and water heating devices of the conventional system respectively. But the low 
exergoeconomic factor is brought down due to high share of the natural gas boiler. The low 
cost rate of exergy consumption of other heat plants is mainly due to no (or low) cost of fuel 
input and electric work has very little weight. But weighted average cost of input fuel to heat 
plants is 12 $/GJ compared to 27 $/GJ and 31 $/GJ for space heating and water heating 
devices of the conventional system. The DHN has the highest capital investment and O&M 
cost rate of the DHS as demonstrated in Table 4.9, which lead to exergoeconomic factor of 
0.26 of the DHN. The large temperature difference between the supply temperatures of the 
DHN and to the single consumer results in low energy efficiency of 0.62 leading to exergy 
consumption rate of 0.054 $/h causing the large cost increase.  
The building substation contains the hot water heat exchanger and connects the DHN 
with the in-house distribution system and the capital investment cost is entirely allocated to 
the hot water generation stream as Table 4.13 depicts. The thermo-economic synergy effect 
of the DHS shows its advantage clearly for the DHW unitary exergy cost of 273 $/GJ, 
compared to the 726 $/GJ of the conventional system. Figure 4.9 b) indicates small increase 
of cost rate of the building substation leading to 55% relative cost increase of DHW of which 
65% is due to monetary cost. The in-house distribution and radiator subsystems also have 
small unitary exergy cost increase, 13% and 16% respectively, due to low cost rate of exergy 
consumption and monetary cost. The log-mean temperature of the radiator surface is about 
316 K, 23 K higher than desired indoor temperature leading to exergy consumption of 71 W, 
doubling the unitary exergy cost rate of space heating. 
The share of cost rate and relative cost difference of heat plants, in-house distribution 
and radiator in the DHS are consistent with the result of Yucer et al. study of a large scale 
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building heating system where relative cost difference of steam boiler, distribution and 
radiator are 5.5, 0.37 and 0.07 respectively (Yücer and Hepbasli 2014). The resulting unitary 
exergy cost of heat product from the radiator is a bit higher in case of Yucer et al., 257 $/GJ 
compared to 231 $/GJ of the DHS. Furthermore, Yucer et al. find that the steam boiler has the 
highest exergy consumption and cost rate and thusly has the highest priority for improvement 
(Yucer and Hepbasli 2013; Yücer and Hepbasli 2014). This corresponds with the heat plants 
having the highest sum of exergy consumption and monetary cost rate of the DHS sub-
systems. 
4.4.2 Improvement potential from low-exergy principles perspective 
The DHS was not in any way optimized but modelled according to current practice and 
cost effective design according to several studies. Accordingly and as the exergoeconomic 
results imply, there is a room for improvement. Looking at the results from the standpoint of 
low exergy principles, several points are of interest. 
A space heating system operating at lower temperatures, e.g. floor heating system with 
operating temperatures of 45/35°C, would decrease the exergy destruction at room air. There 
is however a trade-off between emission heating system capital investment cost increase and 
exergy consumption at room air which requires further exergoeconomic study. Another big 
advantage of improved exergy efficiency at room air and emission heating system is its 
proximity to the final consumption of the exergy stream, causing chain effect of decrease in 
exergy demand with multiplying effect at each subsystem towards exergy input to the supply 
chain. 
Due to low temperature level, the heat emission from low temperature heating system is 
limited to the mass flow rate of the system. The case building envelope was modelled 
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according to current Japanese building energy codes and has specific design space heating 
load of 60 W/m2. Considering e.g. floor heating emission system with design supply and 
return temperatures of 35°/30°C and maximum heat emission of 100 W/ m2 (taken from 
(Schmidt 2004b)), would make it feasible in the case building. 
The configuration of the selected building substation is limiting the emission system 
supply temperature to 55°C as same stream goes to the radiators and to the hot water heat 
exchanger. This limitation can be terminated by decoupling the space heating supply and hot 
water supply through indirect connection for the space heating or by separating the supply 
lines for small districts, which also leads to lower return temperature (Torio and Schmidt 
2010). That however, has capital investment cost penalty and may only transfer exergy 
consumption of radiator to up-stream heat exchanger. Another way is to limit the volume of 
the DHW system to 3 L to prevent forming of legionella (Li and Svendsen 2012) at 
temperature below 50°C. Either way is not likely to decrease the exergy consumption at the 
building substation subsystem but is for the greater good of the whole system. 
The network supply temperature operation was pre-defined and at reference conditions 
it is 70°C and the supply temperature to the consumer is his minimum required supply 
temperature, 57°C. Assuming 10% heat loss coefficient of the DHN to critical user, a sub-
optimal network supply temperature is available. However a detailed DHN model is required 
to perform a proper analysis of network supply and return temperatures implication with 
respect to other consumers. The results however declare the thermo-economic importance of 
minimizing the supply temperature in accordance with consumers needs for maximizing 
exergy performance of the network which corresponds to results of (Torio and Schmidt 
2010). Lower average operating temperature of DHN leads also to less heat loss (Li and 
Svendsen 2012). However, low temperature DHN have shown to be more expensive 
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requiring larger media pipes and more pumping power for overcoming the smaller available 
difference between supply and return temperatures (Dalla Rosa et al. 2012). The thermo-
economic benefit might however outweigh the increased capital investment and O&M cost 
through less exergy consumption of the DHN. 
According to exergy principles, high quality energy sources should be used effectively. 
The local waste sources considered in this study; waste biomass, MSW and sewage sludge as 
well as the natural gas have the potential to be used for cogeneration of heat and power. The 
effect on the district heating system performance by generating electricity along with heat is 
assessed by replacing the HOB with CHP plants. For the analysis, specific performance data 
of the CHP plants with heat and electricity generation shares are taken from recent studies 
analysing cogeneration systems that are relevant in terms of replacing the HOBs without 
changing the plant fuel type and input rate. For cogeneration from MSW, a standalone waste-
to-energy steam cycle CHP plant as studied by Poma et al. (Poma et al. 2010) is considered. 
For the co-firing plant, a waste-to-CHP steam cycle plant studied by Horttanainen et al. 
(Horttanainen et al. 2010) and biomass steam turbine CHP studied by Bagdanavicius et al. 
(Bagdanavicius et al. 2012) are considered and instead of the natural gas HOB a gas turbine 
(GT) CHP system studied by Bagdanavicius et al. (Bagdanavicius et al. 2012) is considered. 
In cogeneration system, the heat power output decreases due to electricity generation, thus 
the share of natural gas consumption increases accordingly by 225% in order to maintain the 
required heat generation to the DHN at load conditions. Assuming thermal and electrical 
efficiencies presented in Table 4.14, the total plant exergy efficiencies become 0.33, 0.23 and 
0.45 for the MSW, co-firing and gas turbine CHP plants respectively and the total DHS 
energy and exergy efficiencies become 0.535 and 0.327. This tremendous exergy efficiency 
improvement is mainly due to the addition of electricity generation (high quality) as the third 
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product stream at the price of low value heat to the DHN. To give an idea of thermoeconomic 
benefit of CHP plant instead of HOB, Bagdanavicius et al. (Bagdanavicius et al. 2012) found 
that the GT CHP system has lower relative cost difference of heat, 4.67, compared to the 
natural gas HOB of 6.2. The specific capital cost of the GT CHP is 212,531 $/MW compared 
to 121,768 $/MW of the HOB but the exergy consumption reduction exceeds the capital cost 
increase. This increases the plant´s exergoeconomic factor and along with the co-generation 
synergy effect leads to a lower unitary exergy cost of the heat to the DHN. 
Lower supply temperature to the DHN improves the thermal efficiency of some heat 
supply technologies including solar collectors, CHP plants with extraction-condensing 
turbine and condensing boiler that was considered here to be interconnected with the MSW 
incinerators. Not to mention that it increases the flexibility of the system, allowing integration 
of local low temperature heat sources increasing the heat supply system sustainability. It is 
apparent that by operating or designing the DHS at low temperature level, a considerable 
performance improvement in terms of exergy can be achieved but with capital cost penalty of 
the in-house heating configuration and DHN. However, the unit exergy cost difference of the 
studied systems leaves considerable margin for capital investment cost increase for exergy 
performance improvement of the DHS. Due to the interdependency of the subsystems, from 
building envelope to heat supply sources, a whole-system integrated modelling and analysis 
is required to evaluate the thermal performance and economic trade-offs taking into account 
the socio-economic perspective. 
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4.5 Conclusion 
In this study an exergoeconomic analysis of two types of heat supply chains was carried 
out from a single user perspective. One is the current heat supply system paradigm in Japan, 
scaled down to single user, where the city of Hirosaki was used as a case study. It consists of 
building based small scale direct convective air heaters and instantaneous water boilers 
mainly burning kerosene. For comparison a district heating system was modelled, integrating 
local waste sources and geothermal fluid for providing heat and natural gas was used to 
provide the mismatch between the city heat load and the local heat sources. At peak load the 
local source are able to provide about 21% of required heat to the district heating network. 
For the exergoeconomic analysis a low exergy method based on pre-design tool from the 
IEA’s Annex 49 was combined with the specific exergy costing (SPECO) approach, which 
together has been referred to as lowexergoeco analysis. The results give cost-based 
presentation of the locations and magnitude of system inefficiencies, accounting for both 
monetary cost and exergy cost sources, providing information on potential system 
improvements. 
The conventional system energy and exergy efficiencies are 76% and 5.4% respectively 
considering both space heating and hot water outputs. The supply chain has few subsystems 
where majority of the exergy consumption occurs in the heat generation units due to 
combustion of high grade fuel to generate low grade heat. The unit exergy cost of space 
heating and hot water becomes 686 $/GJ and 726 $/GJ respectively. The total cost rate of 
space heating units, kerosene heater and reversible AC unit, is 0.26 $/h where 54% is due to 
total annualized capital investment and O&M (monetary) and exergy consumption cost rate 
causing relative cost increase of 15. Similarly the cost rate of hot water boilers is 0.21 $/h of 
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which 64% are due to monetary and exergy destruction cost rate leading to higher cost 
increase over the components with relative cost increase of 22. The total monetary cost rate 
and cost rate of exergy consumption of the conventional system are 0.093 $/h and 0.178 $/h 
respectively. 
The district heating system energy and exergy efficiencies are 48% and 4.2% 
respectively. The largest energy loss occurs in the distribution network, with 62% efficiency, 
but largest exergy destruction occurs in the large scale boilers providing heat for the district 
heating network, with 15% to 17% exergy efficiency depending on fuel source and boiler 
type. The geothermal energy supply segment has exergy efficiency of 41%. Comparing the 
“Non-renewable primary energy factor” and “Total primary energy factor” methods for 
estimating the total primary energy input to the systems showed it can have big impact on the 
system performance assessment if renewables or waste heat are of large share. The exergy 
unit cost of space heating and hot water becomes 508 $/GJ and 273 $/GJ respectively. The 
largest exergy unit cost increase occurs in “Heat plants”, “DHN” and “Room air” subsystems 
with relative cost difference of 5.7, 1.1 and 1.2 respectively. The higher the unit exergy cost 
becomes in the supply chain the more effective the relative cost difference factor. Heat plants 
have total cost rate of 0.214 $/h with exergoeconomic factor of only 0.10, due to relatively 
cheap natural gas boiler. The DHN has total cost rate of 0.196 $/h with exergoeconomic 
factor of 0.26. The exergy consumption is completely responsible for the cost increase of the 
“Room air” subsystem and depends on the operation temperatures of the heating system, the 
closer to preferred indoor temperature the better. The total system monetary cost rate and 
exergy consumption cost rate are 0.05 $/h and 0.23 $/h respectively.  
The reasons for the large difference between exergy unit cost between the two systems 
can be explained by the economic synergy effect of the DHS where the supply and network 
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cost is shared between two products and consumers and also due to the fact that cost of the 
input fuel of the DHS is much lower where MSW, sewage sludge and geothermal fluid have 
no charge, resulting in weighted fuel cost of 12.6 $/GJ compared to 31 $/GJ and 27 $/GJ of 
fuel input to the water heating and space heating units of the conventional system.  
Looking at the two systems from low exergy principles, the conventional system has 
not much potential for improvement except for changing to lower grade fuel such as biomass 
or basically through system transition. The DHS has however considerable improvement 
potential. Replacing the HOB plants by CHP plants gives total system energy and exergy 
efficiencies of 0.535 and 0.327 respectively. The high exergetic performance of the CHP 
plants is likely to lead to lower relative cost difference of heat, hence lower unitary exergy 
cost of heat to the DHN. Furthermore by using low temperature emission system and 
adapting the building substation and in-house distribution system would lead to some capital 
cost penalty but the thermodynamic and social-economic benefit could be considerable, 
allowing for lower operation temperature of the DHN and integration of more sustainable 
heat sources. 
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Figure 4.1 Grassmann diagram demonstrating the energy flow of Hirosaki’s heat supply 
system [TJ]. 
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Figure 4.2 Configuration of the residence in-house heating system. 
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Figure 4.3 Schematic of simplified district heating network considering a single consumer. 
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Figure 4.4 Supply temperature to the district heating network as a function of outdoor 
temperature. 
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Figure 4.5 Schematic of the geothermal heat supply system. 
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Figure 4.6 Depiction of the exergy flow through sub-systems of a) the conventional system 
and b) the district heating system.  
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a) Conventional system 
 
b) District heating system 
Figure 4.7 Energy and exergy flow rates through sub-systems. 
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a) Conventional system 
 
b) District heating system 
Figure 4.8 Exergy unitary cost formation for space heating and water heating through sub-
systems. 
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a) Conventional system 
 
b) District heating system 
Figure 4.9 Exergy cost rate and the relative cost difference of sub-systems. 
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Table 4.1 Building envelope characteristics. 
Envelope segment Area U-value 
 [m2] [W/(K-m2)] 
Exterior wall 45 0.58 
Window and door 9 2.33 
Ceiling 36 0.41 
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Table 4.2 City characteristic parameters. 
City characteristics Parameter Value 
Population P 183,473 
Land area [m2] AL 37,000,000 
Building space area [m2] AB 9,439,125 
Annual heat consumption [GJ] QS 4,289,647 
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Table 4.3 Design parameters for geothermal fluid heat exchanger. 
 
Geothermal 
side 
District 
heating side 
General 
characteristics 
Tin [K] 378 313  
Tout [K] 323 363  
ṁ [kg/sec] 128 141  
ΔTlm [K]   12.45 
U [W/m2-k]   5100 
Q [MW]   29.6 
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Table 4.4 Combustible heat sources annual energy content and heat only boiler capacity and 
parameters. 
 
MSWa Waste 
biomassb 
Sewage 
sludgec 
Natural 
gasd 
Annual amount [Tonne] 88,684 30,852 18,842 - 
Energy content [MWh] 217,695 117,622 20,840 - 
Thermal nominal capacity [MWth] 29 29 5 342 
Efficiency 0.95 0.9 0.9 0.95 
Auxiliary power [W/kW] 15.94 1 45.68 0.5 
a (Chen et al. 2012; Tobiasen and Kamuk 2013) & waste collection statistics from municipality 
b (Horttanainen et al. 2010; NEDO 2013), amount in dry weight tonne. 
c (Horttanainen et al. 2010) & wastewater treatment statistics from municipality 
d (Ahlgren 2013) 
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Table 4.5 Definition of fuel and product exergy streams of subsystems. 
Subsystem Fuel stream 𝐵 Product stream 𝐵 
Conventional system   
Envelope (en) 1 − 𝑇R𝑇+ ∙ 𝑄BC 0 
Room air (r) 1 − 𝑇R𝑇b ∙ 𝑄BC 𝐵,(U 
Heat generation system   
 Space heating 𝑄*X(. ∙ 𝜑 + 𝑊(.( 𝐵,^ 
 Water heating 𝑄*X(. ∙ 𝜑 + 𝑊(.( 𝐵b£ − 𝐵)£ = 𝑚b£ ∙ 𝑏b£ − 𝑏)£  
Primary energy 
transformation 
𝐵*X(. ∙ 𝐹 UU + 𝑊(.( ∙ 𝐹,(.( 𝐵,BC + 𝐵,\C 
District heating system 
  
Envelope 
Same as conventional system 
Room air 
Radiator (rad) 𝑚^01𝑐3 𝑇 01,NX3 − 𝑇 01,^(' − 𝑇R ln 𝑇 01,NX3𝑇 01,^('  𝐵,^ 
In-house distribution (ihd) 𝑚^01𝑐3 ∆𝑇+b1 − 𝑇R ∙ ln 𝑇NXV,NX3𝑇 01,NX3 + 𝐵,^01 𝐵,^01 
Building substation (sub) 𝐵,BC + 𝐵,\C 𝐵,BC + 𝐵,\C 
 Space heating (SH) 𝐵,+b1 𝐵,+b1 
 Hot water heat exchanger 
 (WH) 𝐵b+ − 𝐵b/ = 𝑚\C,b ∙ 𝑏b+ − 𝑏b/  𝐵)/ − 𝐵)+ = 𝑚\C,) ∙ 𝑏)/ − 𝑏)+  
District heating network 
(DHN) 𝑚NXV𝑐3 𝑇 C,NX3 − 𝑇 C,^(' − 𝑇R ln 𝑇 C,NX3𝑇 C,^('  𝐵,NXV 
Circulation pump 𝑊(.( 𝑊(.( ∙ 1 − 𝑇R𝑇o  
Heat only boilers (HOB) 𝑄*X(. ∙ 𝜑 + 𝑊(.( 𝑄C¥,,𝑄`C,'/' ∙ 𝑚NXV ∙ 𝑏`C,NX3 − 𝑏`C,^('  
Geothermal energy (geo) 𝑚T(/ ∙ ℎT(/ − ℎR − 𝑇R(𝑆T(/ − 𝑆R) + 𝑊(.( 𝑄T(/𝑄`C,'/' ∙ 𝑚VNN ∙ 𝑏`C,NX3 − 𝑏`C,^('  
Primary energy 
transformation Same as conventional system 𝐵,C¥ + 𝐵,T(/ + 𝑊(.( 
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Table 4.6 Parameters for heat generators and boilers of conventional system at average load. 
 
Thermal 
output 
TSup Tret/Tin Efficiency/ 
COP 
Paux 
 [W] [K] [K] [-] [W] 
Space heating 
devices      
Kerosene heater a 965 308 298 0.86 13 
Reversible AC unitb 78 308 298 2.065 - 
Water heating 
devices      
Kerosene boilerc 474 328 283 0.84 97 
Gas boilerc 98 328 283 0.84 97 
a Based on LC-32F unvented from (TOYOTOMI 2013) 
b Efficiency for Japan based on (Kondo 2009) & operation temperatures taken from (Schmidt 2004b) 
c Based on BS-35(F) from (TOYOTOMI 2013) & (Kondo 2009) 
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Table 4.7 Chemical exergy and primary energy factors of fuels considered in this study. 
 Electricity Kerosene LPG City gas 
Sludge Wood 
chip 
Natural 
gas 
MSW Geo-
thermal 
Chemical 
exergy factor 1 0.99
d 0.99d 0.82f 0.64a 0.80b 0.92d 0.77c - 
Primary energy 
factor 2.6
g 1.1e 1.1e 1.1e 1 1.1e 1.1e 1 1 
a (Ptasinski et al. 2002) 
b (Schmidt 2004b) 
c (Oliveira Jr 2013) 
d (Utlu and Hepbasli 2007) 
e (Schmidt 2004b) 
f (Rosen and Dincer 2003) 
g Estimated for Japan´s electricity mix with weighted average conversion efficiency of 0.44 and transmission & distribution 
losses of 5% and generation source primary energy factors. 
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Table 4.8 The annual capital investment and fixed O&M cost rate for conventional system 
components. 
Cost components PEC COM ZCI ZOM Ztot 
 [$] [$/year] [x 10-3$/h] [x 10-3$/h] [x 10-3$/h] 
Space heating 2,298 69 21 8 28 
Kerosene heater 1,965 59 18 7 24 
Air conditioner 333 10 3 1 4 
Water heating 5,242 157 47 18 65 
Oil boiler 4,405 132 39 15 54 
Gas boiler 837 25 7 3 10 
      
Total PEC 7,540 226 67 26 93 
Based on (Ashina and Nakata 2008). 
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Table 4.9 The annual capital investment and fixed O&M cost rate for district heating system 
components. 
Cost components PEC COM 𝑍n 𝑍G  𝑍'/'  
 [$] [$/year] [x 10-3$/h] [x 10-3$/h] [x 10-3$/h] 
Radiatora 522 15.66 4.705 2.420 7.125 
I-h distributionb 100 3.01 0.905 0.466 1.371 
Building substationa 901 27.02 8.117 4.176 12.294 
Distribution network 1,428 71.38 12.870 6.621 19.491 
Pipelinec 1,427 71.36 12.865 6.619 19.483 
Circulation pumpd 1 0.02 0.005 0.003 0.007 
Heat plants 785 38.85 7.078 3.641 10.719 
MSW 1e 71 6.18 0.638 0.328 0.966 
MSW 2 43 3.38 0.385 0.198 0.584 
Chip and sludge co-firingf 206 12.37 1.858 0.956 2.814 
Natural gasg 307 10.73 2.763 1.422 4.185 
Geothermalh 159 6.18 1.433 0.737 2.170 
Well pumps 29  0.259 0.133 0.392 
Transmission pump 0.1  0.001 0.001 0.002 
Transmission pipeline 128  1.158 0.596 1.754 
Heat exchanger 2  0.015 0.008 0.023 
Exploration 32     
Drilling cost 32     
Plant construction 16     
Pipeline installation 70     
Additional facility 10     
Repair cost  0.07    
Human resource  2.91    
Engineering/supervision  2.91    
Office and Admin  0.29    
      
Total PEC 3,736  33.67 17.33 51.00 
Total capital investment 3,897 155.91    
a Based on cost catalogue of (E.C.A. Germany 2013) and (Danfoss n.d.) respectively. b (Yucer and Hepbasli 
2013) 
c Based on empirical formula from (Persson and Werner 2011) 
d Based on circulation pump cost from (Alkan et al. 2013) 
e Incineration plant is in place but interconnecting condensing boiler based on (Chen et al. 2012) 
f (Horttanainen et al. 2010), g Based on average value of natural gas HOB in (Ahlgren 2013) 
h Based on detailed cost analysis from (Mitsubishi Materials Techno 2011) except well pump cost is from (The 
Foundation for Geothermal Innovation 2009), pipe and installation cost from (LOGSTOR 2013; Svensk 
Fjärrvärme AB 2007) and heat exchanger cost from (Dagdas 2007) 
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Table 4.10 Energy and exergy rates at subsystems for the conventional system. 
Subsystems 𝑄  𝑄  𝑄./NN 𝑊+U 𝐵 𝐵)/U 𝐵 η ψ 
 [W] [W] [W] [W] [W] [W] [W] [-] [-] 
Envelope 1043 1043 0 0 59 59 0   
Room air 1043 1043 0 0 89 30 59 1.00 0.67 
Heat 
generation          
Space heating 1122 1043 79 51 1111 1072 89 0.89 0.08 
Kerosene 
heater 1122 965 157 13 1111 1041 82 0.85 0.07 
Reversible AC 0 78 -78 38 0 31 7 2.07 0.18 
Water heating 681 572 109 2 666 614 54 0.84 0.08 
Kerosene 
boiler 565 474 90 1.30 559 516 44.6 0.84 0.08 
Gas boiler 117 98 19 0.27 107 98 9.2 0.84 0.09 
PET 2120 1855 264  2091 262 1829   
Electricity 136 52 84  136 84 52   
Kerosene 1855 1686 169  1836 167 1669   
City gas 53 48 5  49 4 44   
LPG 75 68 7  69 6 63   
          
Total system        0.76 0.054 
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Table 4.11 Energy and exergy rates at subsystems for the DHS. 
Subsystems 𝑄  𝑄  𝑄./NN 𝑊+U 𝐵 𝐵)/U 𝐵 η ψ 
 [W] [W] [W] [W] [W] [W] [W] [-] [-] 
Envelope 1043 1043 0 0 59 59 0   
Room air 1043 1043 0 0 131 71 59 1.00 0.45 
Radiator 1098 1043 55 0 142 11 131 0.95 0.92 
I-h distribution 1202 1098 105 0 159 17 142 0.91 0.89 
Building substation 1774 1774 0 0 223 10 213 1.00 0.95 
Space heating 1202 1202 0 0 159 0 159 1.00 1.00 
Water heating 572 572 0 0 64 10 54 1.00 0.84 
Distribution 
network 2864 1779 1091 7 402 185 224 0.62 0.55 
Pipeline 2864 1774 1089 0 402 179 223 0.62 0.55 
Circulation pump 0 5 2 7 0 6 1 0.70 0.14 
Heat plants 3050 2864 211 25 2427 2050 403 0.93 0.16 
Geothermal 405 373 47 15 112 74 52 0.89 0.41 
MSW 1 251 238 17 4 193 164 34 0.94 0.17 
MSW 2 117 111 8 2 90 76 16 0.94 0.17 
Co-firing plant 436 392 47 3 338 286 55 0.89 0.16 
Natural gas 1841 1749 93 1 1694 1449 246 0.95 0.15 
PET 3355 3082 273  2710 251 2459   
Electricity 84 32 52  84 52 32   
Geothermal 405 405 0  112 0 112   
MSW 368 368 0  283 0 283   
Biomass 407 370 37  326 30 296   
Sewage sludge 66 66 0  42 0 42   
Natural gas 2025 1841 184  1863 169 1694   
          
Total system        0.48 0.042 
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Table 4.12 Exergy cost rate ($/h), average costs per unit of exergy ($/GJ), relative cost 
difference and exergoeconomic factor for the conventional system. 
Subsystems cF 𝐶 cP 𝐶 cW 𝐶\ 𝐶)/U 𝑍'/' rk fk 
 [$/GJ] [x10-3 $/h] [$/GJ] [x10-3 $/h] [$/GJ] [x10-3 $/h] [x10-3 $/h] [x10-3 $/h] [-] [-] 
Envelope 686 147 - - - - - 0 - - 
Room air 458 147 686 147 - - 49 0 0.50 0.00 
Heat 
generation           
Space heating 27 107 458 147 62 11 109 28 15.11 0.21 
Kerosene 
heater 27 107 453 134 62 3 102 24 15.64 0.19 
Reversible AC 0 0 523 13 62 8 7 4 7.43 0.37 
Water heating 31 75 726 140 62 0.4 70 65 22.04 0.48 
Kerosene 
boiler 27 54 677 109 62 0.3 50 54 24.21 0.52 
Gas boiler 56 22 963 32 62 0.1 20 10 16.29 0.34 
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Table 4.13 Exergy cost rate ($/h), average costs per unit of exergy ($/GJ), relative cost 
difference and exergoeconomic factor for the DHS. 
Subsystems cF 𝐶 cP 𝐶 cW 𝐶\ 𝐶)/U 𝑍'/' rk fk 
 [$/GJ] [x10-3 $/h] [$/GJ] [x10-3 $/h] [$/GJ] [x10-3 $/h] [x10-3 $/h] [x10-3 $/h] - - 
Envelope 508 109 - - - - - 0 - - 
Room air 231 109 508 109 - - 59 0 1.20 0.00 
Radiator 199 102 231 109 - - 8 7 0.16 0.47 
I-h distribution 175 100 199 102 - - 11 1 0.13 0.11 
Building 
substation 175 141 200 153 - - 7 12 0.14 0.65 
Space heating 175 100 175 100 - - 0 0 0.00 - 
Water heating 175 40 273 53 - - 7 12 0.55 0.65 
Distribution 
network 83 121 175 141 49 1 55 19 1.12 0.26 
Pipeline 83 121 175 140 - - 54 19 1.09 0.27 
Circulation 
pump 83 0 349 1 49 1 1 0.01 6.11 0.01 
Heat plants 12 106 83 121 50 4 93 11 5.68 0.10 
Geothermal 0 0 26 5 49 3 2 2 3.39 0.58 
MSW 1 0 0 14 2 49 1 1 1 12.92 0.62 
MSW 2 0 0 16 1 49 0.3 0.3 1 15.30 0.68 
Co-firing plant 10 12 77 15 49 1 10 3 6.59 0.21 
Natural gas 15 94 111 98 49 0.2 80 4 6.20 0.05 
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Table 4.14 Heat and net electric power efficiencies of the CHP plants. 
Plant type Heat efficiency Electric efficiency 
MSW 0.42 0.19 
Co-firing 0.60 0.10 
Gas turbine 0.50 0.34 
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5 4th generation district heating system design and operation 
analysis 
5.1 Introduction 
The transition of the current heat supply system paradigm is facing challenges of both 
quantitative as well as qualitative nature. In relatively cold climates, space heating accounts 
for large share of building sector’s annual energy demand. In Tohoku region for example, 
North Japan, space heating and hot water account together for 66% of the building sector's 
total energy demand on annual basis (The Energy Data and Modelling Center Japan 2014). 
The heat supply is mainly being provided by fossil fuels or electricity, which brings to the 
qualitative challenge as these are high quality energy sources used to supply low quality 
energy demand such as space heating and hot water (Schmidt 2009). With countries striving 
to reduce their GHG emissions and increase their energy independence, this shows that the 
transition of the heat supply system requires considerable attention. 
Studies have shown that by changing the approach for heat supply system design, 
considerable performance improvement of energy supply systems to buildings can be 
achieved. By averting from the current resource driven design approach, where the quality 
level of different energy end-use demands is largely remiss, to a more demand driven 
integrated supply system design, a proper use of exergy may be realized. This can be 
achieved via use of energy quality management approaches. Zubiaga et al. for example 
demonstrated the added value of exergy in building heat supply system design for achieving 
reduced primary energy source consumption (Terés-Zubiaga et al. 2013). In similar way, 
Goncalves compared several building based heat supply systems under different climate 
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conditions, further emphasizing the importance of reducing the exergy consumption for 
building heat demand (Gonçalves et al. 2013). These studies are largely based on previous 
research of some of the originators of exergy approach application for building heating 
systems. To mention did Schmidt develope a bottom-up approach for system input exergy 
minimization through input output analysis, mainly focusing on heating and cooling systems 
(Schmidt 2004b). Shukuya has furthermore developed extensive and robust base of exergy 
theory and calculation of HVAC and lighting systems for buildings (Shukuya 2013). For 
extensive list of exergy based studies of buildings I refer to review paper of Hepbasli 
(Hepbasli 2012). As exergy is a pivotal part of these energy quality management approaches, 
the research community refers to them as "low exergy design" (or LowEx design) and 
building energy supply systems subject to low exergy design a "low exergy systems". The 
low exergy design approach has however mainly been applied to single buildings with 
building boundary as system boundaries. Applying low exergy design approach on 
community has however also a great potential as has been explained in (Schmidt 2009).  
District heating system (DHS) is a proven technology for supplying heat from 
centralized sources to buildings within a community. Heat sources have been increasingly 
moving from fossil fuel combustion to local waste heat, biomass and even geothermal 
sources and for some countries district heating systems have played a key role of helping 
energy system transition towards increased sustainability. Denmark and Sweden have for 
example become especially successful in that regard as demonstrated by Chittum et al. 
(Chittum and Østergaard 2014) and Di Lucia (Di Lucia and Ericsson 2014). The next or 4th 
generation district heating system (4GDHS) (also referred to as low temperature district 
heating system (LTDHS)) is considered to increase the potential impact of DHS towards 
sustainability even further as thoroughly explained in the concept paper by Lund et al (Lund 
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et al. 2014). Hypothetically the low network supply temperature improves the network 
performance, makes local renewable and waste heat and heat pump integration easier and 
enables cascade utilization and other synergy effect through smart thermal network operation. 
List of Tables 
 
 
 
 
 
 
Table 5.1 (adapted from Lund et al. (Lund et al. 2014)) enlists the typical temperature 
range of LTDHS compared to medium temperature, high temperature and steam based 
district heating systems along with other key differences. 
Few studies have been carried out on LTDHS in recent years but most of them have 
been studied within the context of low energy buildings, as reduced space heating demand is 
considered as a prerequisite for 4GDHS deployment due to physical and thermal limitation of 
the radiation heating systems. Li et.al conducted energy and exergy analysis for a small 
district heating network (DHN) and found that the energy and exergy performance of low 
temperature operation is considerably higher compared to medium temperature operation (Li 
and Svendsen 2012). The study of Dalla Rosa et.al concurred with the superior energy 
performance of low temperature operation of a DHN however with an increased capital 
investment required for the network pipeline (Dalla Rosa et al. 2012). It also found the local 
lower economic feasibility limit for LTDHS in terms of linear heat density. Tol et al. studied 
the physical configuration of district heating system in terms of pipe network dimension, 
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network layout and substation configuration in a low energy district heating scheme (Tol and 
Svendsen 2012a). They found that including buffer tank at each substation leads to 
favourable pipe dimension and heat loss. The results also revealed that tree structure network 
layout compared to loop layout results in less heat loss. Another study by Tol et al. 
demonstrated that by boosting the network supply temperature at peak periods in a low 
temperature operation scheme leads to reduction in mass flow, reduced heat loss and lower 
equivalent pipe diameter compared to fixed supply temperature, given a short duration of the 
cold period (Tol and Svendsen 2015). These studies mainly focus on the distribution network 
design while taking into account different building installation configuration. They also 
assume compatibility between low temperature heating system and existing buildings in 
terms of thermal comfort. 
In addition to Li et al., others have studied the thermal inefficiencies of district heating 
systems using exergy analysis. Comakli et al. proposed calculation method for evaluating 
exergy losses in a district heating network dividing the losses depending on source; heat loss, 
hot water transportation and heat transfer in heat exchanger (Çomaklı et al. 2004). Multiple 
exergy analyses have been conducted on geothermal district heating systems. Oktay et al. 
found for example the main exergy waste of a real geothermal district heating system, 
showing largest exergy destruction occurring in primary heat exchangers (Oktay et al. 2008). 
Alkan et al. did also an exergoeconomic analysis on a geothermal district heating system, 
coupling cost to exergy for assessing the cost feasibility of thermodynamic improvement 
potential of system components (Alkan et al. 2013). By comparing different substation 
configurations in connection with district heating system, Torio et al. found that minimizing 
the supply and return temperature of a district heating system results in highest exergy 
performance and that supply temperatures have larger impact on the exergy performance 
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compared to the return temperature (Torio and Schmidt 2010). Gong et al. conducted exergy 
analysis of Swedish and Danish district heating systems, considering just the network supply 
and return temperatures, and found that about two thirds of the exergy supply is currently 
being lost in the distribution network and building substations (Gong and Werner 2015). 
They also stress the potential of reducing the exergy factor of the distribution network, closer 
to the heat demand level, by achieving building heat load reduction. Baldvinsson et al. have 
also demonstrated the thermoeconomic advantages of district heating system over fossil fuel 
based distributed heating generation and a thermodynamic improvement potential of the 
district heating system by reducing the operation scheme from medium to low temperature 
setting (Baldvinsson and Nakata 2014).  
Researchers have also focused their work on exergy matching of supply sources and 
demand at a community level. Sanaei et al. conducted an analysis of a community scale 
energy supply system, using exergy matching diagram to optimize the cascade potential of 
enthalpy flow originating from fossil fuel power plants (Sanaei and Nakata 2012). Similarly 
did Kilkis present an exergy matching tool, “The Rational Exergy Management Model”, that 
attempts to reach net-zero exergy supply at a district level, resulting in primary energy source 
consumption and CO2 emission reduction (Kılkış 2014). Lu et al. have conducted a series of 
studies proposing a multi-objective optimization model for district energy system design, 
showing the trade-off between exergy efficiency, lifecycle cost and lifecycle CO2 emissions. 
In (Lu et al. 2014b) they demonstrate the positive correlation between system lifecycle cost 
and system exergy efficiency and further show the positive effect of increased system exergy 
efficiency on lifecycle CO2 equivalent in (Lu et al. 2014a). These studies do however neglect 
accurate presentation of the distribution network, binding together the supply and demand 
side. This indicates a potential gap in the literature of exergy based district energy systems of 
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holistic study providing both decent network modelling and exergy matching between supply 
and demand. 
This work attempts to contribute to the field of energy quality management of district 
heating systems. The purpose is to add insight into the feasibility and performance of a low 
temperature district heating system within an existing community and it is based on the 
notion that reducing the exergy requirement of a district heating network may pave the way 
for local low exergy heat source integration. The study scope includes a holistic view of the 
supply chain taking into account the demand side, distribution and supply side. In order to 
reach our goal, a high spatial resolution GIS based district heating system model was 
developed, providing accurate geographical representation and hourly based time intervals. 
The model follows a bottom-up design and operation approach, minimizing the required 
building supply temperature and selecting network supply temperature subject to minimum 
system exergy consumption through input-output analysis at any given building heat load. A 
biomass based CHP plant is selected as main heat source, which operation depends on the 
distribution network operating conditions, with heat only boiler (HOB) for peak and valley 
load conditions. The study objectives are to a) assess the low temperature heating system 
compatibility with the existing building stock which also indicates the low temperature 
feasibility of the DHS and b) compare the performance of the whole district heating system 
under different design cases from energy and exergy perspective. The design cases consist of 
three cases derived from energy quality management perspective and a conventional district 
heating system case operating at a medium temperature.  
Following this introduction, the methodology section describes the model framework 
and explains the structure of each subsystem and defines the case area along with different 
design and operation cases. The result section demonstrates the low temperature operation 
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feasibility of the LTDHS and assesses the quality requirement for different building types. 
Secondly it presents the network design and the system energy performance as well as the 
impact of operation parameters for different design cases and takes a look at the system 
exergy destruction profile and the corresponding thermodynamic improvement potential. 
Finally the results are summarized and discussed before the conclusion of this work. 
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5.2 Methodology 
5.2.1 Model framework 
A district heating design model was generated for the purpose of this study. It uses high 
resolution geographical data including building location and interconnection via network 
topology as well as other geographical features. In order to capture the interactive 
relationship between the demand, distribution and supply side a whole system analysis is 
conducted including dynamic demand profiles, building installation, the distribution network 
and heat supply source where each subsystem is treated as individual module. The model is 
simulated using hourly time steps according to set operation strategy over selected time 
period before being evaluated through energy and exergy analysis. Hourly time steps are 
considered sufficient in order to capture the dynamic load and ambient temperature variation 
although in practicality the system would operate at smaller time steps. The model attempts 
to minimize the required supply temperature of each building heating system and 
subsequently optimize the network supply temperature in terms of system exergy 
consumption. The model framework structure and flow is demonstrated in Figure 5.1. Each 
module will be covered in the subchapters following the introduction of the case area. 
5.2.2 Case study 
For the purpose of this study a central district in Hirosaki city, located in Aomori 
prefecture in North Japan, is selected. Hirosaki experiences cold and snow heavy winters, 
starting in December and lasting until April. It has currently no central heating and main 
space heating supply systems are small building based kerosene convective heater, reversible 
AC units or gas convective heater. Hot water is mainly supplied using small individual 
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building based kerosene or gas boiler (for further explanation of the Japanese heat supply 
paradigm refer to (Baldvinsson and Nakata 2014)). The selected district is depicted in Figure 
5.2. It consists of residential area mainly including detached houses, hospital, university, 
nursery home and office building. The number of buildings and total floor area are by 
building type are listed in Table 5.2. 
5.2.3 Energy service demand 
Hourly based demand profiles for space heating (SH) and hot water (WH) are generated 
for each building. Four types of datasets are used for generating the demand profiles 
depending on building typology and floor area. Annual location specific energy use intensity 
(EUI) coefficients are calibrated from extensive data survey on energy consumption in 
Japanese building depending on building size, typology and location (Japan Sustainable 
Building Consortium 2013) and are listed in Table 5.2. For accounting for the dynamically 
varying consumption pattern taking into account the simultaneity factor, behaviour based 
demand profiles, hourly and monthly, for different building types and energy service 
demands are utilized (Japan District Heating & Cooling Association 2013). The daily and 
annual load distribution of space heating and hot water demand for university and hospital are 
for example demonstrated in Figure 5.3. We assume even indoor temperature demand of 
20°C, with heating threshold of 16°C, for residential building and nursery home in which 
case we use hourly outdoor temperature profile to normalize the space heating demand. 
Information on building type and heated floor area are obtained from GIS.  
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5.2.4 Building installation  
5.2.4.1 Building heating system 
The feasibility of a LTDHS is highly dependent on the potential of building heating 
system to provide sufficient thermal comfort to buildings at low temperatures subject to 
physical, thermal and hydraulic constraints. Therefore it deserves a special attention in the 
context of LTDHS. In order to estimate the low temperature heating feasibility of each 
building we apply a universal generic radiating floor heating system (RFHS) model based on 
steady state thermal model by ASHRAE (ASHRAE 2012). The heat output of the RFHS is 
proportional to available building floor area in contrast to for example low temperature 
radiators, and thus easier to estimate. Furthermore is RFHS considered as preferable 
candidate due to superior thermal comfort because of its uniform radiation from the floor 
surface, closer distance to residents compared to radiators and the fact that warm air travels 
upwards (Olesen 2002).  
RFHS installation and its thermal characteristics depend on floor material and thickness 
of current floor in place. For simplification we assume a silver bullet system applied to all 
buildings, following a general installation guidelines and threshold values of RFHS published 
by major system manufacturers such as Uponor (Uponor 2013) and Danfoss (Danfoss 2009). 
In accordance with low exergy design, the RFHS model minimizes the required water supply 
temperature to the system for each building, at each time step and at given heat load. As the 
purpose of the model is to estimate building stock compatibility with LTDHS rather than 
performance study of RFHS, a parametric investigation of the RFHS is deemed outside of 
this study's scope. 
Initially the required floor surface temperature is found from thermal radiation heat flux 
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in eq. ( 5.1 ) and natural convection heat flux between heated floor and indoor air in eq. 
( 5.2 ) (ASHRAE 2012). The constant in eq. ( 5.1 ) is based on the assumption that thermal 
emittance of the internal space surfaces is non-reflective. Eq. ( 5.2 ) is specific for heat flux 
between heated floor and indoor air. The floor surface temperature Tfs,k,t is solved by using 
Newton-Raphson iteration where the sum of qrf,k,t and qcf,k,t equals the total space heating load 
per area unit qSH,k,t. 
 
𝑞^*,,' = 5 ∙ 10y¦ 𝑇*N,,'§ − 𝑇/N§  ( 5.1 ) 
𝑞)*,,' = 2.13 𝜃*N,,' − 𝜃+U I.JI ( 5.2 ) 
 
For simplification the temperature of other surfaces is assumed to be equal to room 
temperature Tos= θin = 20°C (Zheng et al. 2012). The average tube skin temperature is then 
found from eq. ( 5.3 ). 
 
𝜃'XV(,,' ≈ 𝜃+U + 𝜃*N,,' − 𝜃+U 𝑀2𝑌𝜂*+U + 𝐷/ + 𝑞BC,,' 𝑅3 + 𝑅) + 𝑅N𝑀  ( 5.3 ) 
 
M is the on-centre space between adjacent tubes, 2Y = M - Do is the net tube spacing with Do 
being outer diameter and Rp, Rc and Rs are the thermal resistance of heat panel body, panel 
surface cover and panel body between adjacent tubes but as the pipe loops are embedded into 
the screed Rs may be assumed as 0 (ASHRAE 2012). The tube fin efficiency ηfin and fin 
coefficient f are defined as following. 
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𝜂*+U = tanh	(𝑓𝑌)𝑓𝑌  ( 5.4 ) 
𝑓 = 𝑞BC,,'2 + 𝑅)/2𝑅3 𝑘U𝑥UU I/ ( 5.5 ) 
 
where ki and xi are the thermal conductivity and thickness of floor layer i. The required 
average water temperature in the system is then found using eq. ( 5.6 ). 
 
𝜃£,,' = 𝑞BC,,' + 𝑞^( 𝑀𝑅'XV( + 𝜃'XV(,,' ( 5.6 ) 
 
where qrev is the backwards heat flux (in opposite direction to target space) and Rtube is 
thermal resistance of tube wall. The required water flow rate is based on the temperature 
difference ΔT in the system which can be assumed to be 10 K in general (Olesen 2002) and 
the required mass flow of building is finally found from eq. ( 5.7 ) (Danfoss 2009). 
 
𝑚£,,' = 𝐴C𝑞BC,,'∆𝑇𝑐3 1 + 𝑅*.//^𝑅+UN + 𝑇+U − 𝑇T𝑞BC,,'𝑅1/£U  ( 5.7 ) 
 
AFH is the heated floor area and multiplying term in brackets is to compensate for downwards 
heat flux from the floor where the last term in the bracket applies only to ground floor of 
building. Rfloor is the total upwards thermal resistance consisting of the panel and floor cover 
thermal resistance plus the reciprocal of panel cover to air heat transfer coefficient assumed 
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as 0.093 m2K/W. Rins is the downwards thermal resistance consisting of the insulation, 
render, previous floor as well as constant of 0.17 m2K/W describing the thermal 
transferability downwards. Rins is assumed as a single value considering minimum required 
insulation given by manufacturers as can be seen in Table 5.4. Generic floor characteristics, 
design and thermal parameters are defined according to Table 5.3 and Table 5.4. The selected 
pipes are of type DN15 PEX as they are most common for RFHSs and their minimum bend 
radius allows for relatively narrow spacing preventing cold spots at floor. The floor structure, 
layer material and thicknesses, are selected according to standard practice and close to 
recommended threshold values (Danfoss 2009; Uponor 2013) in order to estimate the 
available heating potential under standard conditions and resemble the case by Laouadi 
(Laouadi 2004). 
The transient operation of the RFHS is limited by the panel load increase acceleration 
time. In order to account for the transient system load change limitations, the hourly load 
increase of the radiating panel has been modelled as a linear function of the average water 
temperature (in °C) based on data on load increase acceleration times for 4” slab thickness at 
various average pipe flow temperatures (Uponor 2011). R2 value for the linear regression is 
0.975. 
 
∆𝑞BC = 0.542𝑇£ − 11.238 ( 5.8 ) 
 
ΔqSH is the hourly load increase at the average flow temperature Tw which has an upper limit 
of 60°C. The acceleration rate is considered in the control strategy. During acceleration 
phases the average water temperature is raised to increase the RFHS load according to the 
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transient SH demand. In case the hourly load acceleration is insufficient to reach the space 
heating demand at particular hour, the RFHS heat supply of the previous hour is raised 
accordingly to a sufficient level. Due to short loop length the water responds relatively 
quickly to change in supply temperature. 
The system of equations ( 5.1 )-( 5.8 ) is solved iteratively subject to system constraints 
listed in Table 5.5 and energy balance with the aim of minimizing the required average flow 
temperature θw,k,t. 
In design cases where RFHS turns out to be infeasible as the sole building heat supply 
system, i.e. heat output from RFHS is insufficient at any SH load of a building, the available 
wall area is assumed sufficient for radiators being the sole heat supply system. Depending on 
the design case, the radiator operation configurations in Table 5.6 are used (E.C.A. Germany 
2013). The average radiator flow temperature is estimated from design conditions and current 
load as so (Zheng et al. 2012): 
 
𝑇 01,0(,,' = 𝑄BC,,'𝑄BC,R,,' J § 𝑇 01,N,R + 𝑇 01,^,R2 − 𝑇+U + 𝑇+U ( 5.9 ) 
 
5.2.4.2 Building substation 
 An indirect connection is selected for all buildings in the network. Indirect connection 
has several benefits over direct connection in terms of LTDHS for example allowing higher 
network pressure drop due to hydraulic separation resulting in smaller pipe size and increased 
operation flexibility at the building side potentially leading to lower return temperature from 
building. Instantaneous heat exchanger is assumed for domestic hot water consumption as 
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demonstrated by installation scheme in Figure 5.4. All building heat exchangers are assumed 
as counter-flow plate heat exchangers. 
For the water heating the cold tap water is assumed to be fixed at 10°C and the supply 
temperature is set at 45°C. In terms of the space heating operation the supply temperature is 
being minimized as explained in chapter 5.2.4.1. For the LTDHS design the goal is to 
minimize the required network supply temperature, thus the supply temperature at primary 
side for each building is minimized by assuming 4°C temperature difference between primary 
side supply and secondary side supply at design conditions, which is in contrast to Torio et al. 
(Torio and Schmidt 2010) who maximized the secondary side outlet temperature. The heat 
transfer rate of each heat exchanger for space heating and water heating is calculated in 
general way as follows. 
 
𝑄C = 𝑈𝐴∆𝑇.o = 𝜌𝑐3𝑚I 𝑇+,I − 𝑇(,I = 𝜌𝑐3𝑚(𝑇(, − 𝑇+,) ( 5.10 ) 
 
The overall heat transfer coefficient, U, is calculated using equation ( 5.11 ). 
 
𝑈 = 1 1ℎI + 𝛿𝑘3.0'( + 𝑅* + 1ℎ  ( 5.11 ) 
 
The plate thickness, δ, plate thermal conductivity, kplate, and fouling resistance, Rf, are 
constants with values of 0.6 mm, 17.5 W/(mK) and 5x10-5 m2K/W respectively (Kuosa et al. 
2014). The convective heat transfer coefficients on both hot and cold sides are estimated 
using the following relationship. 
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𝑁𝑢 = ℎ𝐷b1𝑘£ = 𝐶 ∙ 𝑅𝑒U ∙ 𝑃𝑟o ( 5.12 ) 
 
The hydraulic diameter, Dhyd, is assumed as 5 mm and empirical parameters C, n and m take 
values of 0.47, 0.63 and 0.39 (Woods et al. 1999). Following Keppo et al., for simplification 
the water properties used for calculating the Prandtl number, Pr, and the water thermal 
conductivity, kw, are assumed being constant. That leaves the Reynolds number as a linear 
function of mass flow rate which is used to defy mass flow ratios that are further used to 
estimate the overall heat transfer coefficient at varying load using the following relationship 
(Keppo and Savola 2007). 
 𝑈𝑈R = 1 + 𝑆RU𝑆yU + 𝑆RU ( 5.13 ) 
 
S0 is the ratio of mass flow at primary side and secondary side at design conditions and S is 
the ratio of varying mass flow and design mass flow at the primary side (distribution network 
side). The mass flow rate and the outlet temperature at the primary side of each building’s 
heat exchangers are estimated based on Equations ( 5.10 ) – ( 5.13 ) through iterative solution 
process varying the mass flow. Secondary side parameters are obtained from building heating 
system operation model or assumed values for domestic hot water heating and the primary 
side inlet temperature is obtained from distribution network module. The inlet temperature at 
primary side must be 4°C higher than secondary side outlet temperature and primary side 
outlet temperature is given lower boundary of 15°C. 
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5.2.5 Network design and operation 
5.2.5.1 Network design 
The network is designed through high spatial resolution model, using geographic data 
and topology from ArcGIS for accurate geographical representation and applied along with 
graph theory in MATLAB. The network layout is based on the local street network and 
generated using shortest path algorithm. Main city traffic lanes are however omitted in order 
to avoid major traffic disturbance in case of pipeline installation. The network layout is of 
tree shape and simplified topology scheme is demonstrated in Figure 5.5. The building 
connection nodes are selected at the shortest distance between each building and network. 
Based on the topology data obtained from GIS, the network is modelled as a graph of 
interconnected nodes and edges. N is a set of nodes ni where each node corresponds to a 
junction, a connection of network to building or a heat source. Let E be a set of edges ei,j 
which presents a link between adjacent nodes ni and nj and i ≠ j and is considered as 
symmetric for return line simulation. Adjacent nodes are specified via adjacency matrix. The 
heat supply node is defined as subset of N, SN ⊆ N, which contains predefined node of heat 
source. The input and output parameters for each node and edge are defined in Table 5.7. The 
selection of heat source node depends on the location and type of heat source and system 
benefits based on qualitative analysis e.g. proximity to high heat demand intense buildings in 
order to avoid transporting the heat carrier over long distance. The model is only applicable 
in case of tree-shaped networks. 
For the pipeline dimension design and network operation simulation the thermo-fluid 
mechanic is modelled as a steady state single phase flow system capturing the snapshot of 
average hourly operation conditions in the control volume finding the mass flow rate, supply 
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and return temperature and static pressure at each network node. Mass and thermal balances 
are conducted in order to accumulate mass flow, temperature and pressure differences 
between source node and each leaf node of the network. 
The pipeline design involves trade-off between pressure loss in pipe, pipe diameter and 
mass flow which depends on supply and return temperature and design load of buildings. The 
investment cost of pipeline is a dominant cost factor of the total annualized heat distribution 
cost, followed by cost due to heat loss and cost due to pressure loss (Persson and Werner 
2011). Therefore, the network pipe diameter is minimized subject to maximum available 
pressure loss in the network and required mass flow at peak load conditions (Tol and 
Svendsen 2012a). The maximum available pressure loss is limited by the maximum static 
pressure of the network pipeline and the length from pumping station to the critical user. 
Each building is simulated individually at peak load to obtain required mass flow and supply 
temperature at each building connection node. The maximum pressure is selected as 10 bar 
and minimum static pressure as 2 bar. 10 bar is applicable for PEX pipes and many flex and 
twin pipes which are becoming increasingly popular in DHSs due to its benefits in terms of 
simplicity, longer lifetime and less heat loss (Korsman et al. 2005). Maximum allowed pipe 
flow velocity is 2 m/s. Pipe dimension is minimized for each pipe segment (edge) using the 
Darcy-Weisbach equation presented in equation ( 5.14 ). The friction factor is found using the 
Colebrook equation and Reynolds number. The non-linear system of equations is solved by 
iterative solution by varying inner diameter Di,j while converging towards max available 
pressure difference (Bejan et al. 1996). Commercial pipes are selected according to the 
optimized pipeline dimensions. 
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∆𝑝+,±𝜌 = 𝑓+,± 𝑅𝑒`, 𝑘N𝐷+,± 2𝐿+,±𝐷+,± 4𝑚+,±𝜋𝐷+,±  ( 5.14 ) 
 
5.2.5.2 Network operation 
The distribution network is operated by the principle of minimizing the exergy 
consumption of the system. It has been demonstrated that this is best achieved by starting at 
the energy service demand and matching the required energy and exergy input through 
bottom-up analysis (Schmidt et al. 2011). Torio et al. have also demonstrated that lower 
supply and return temperature results in higher DHS performance (Torio and Schmidt 2010). 
Maintaining low supply temperature may however lead to higher mass flow, especially at low 
heat loads, which may affect the system performance due to increased pumping power 
requirement (Tol and Svendsen 2015). Therefore the low temperature and mass flow trade-
off needs to be accounted for when selecting the network supply temperature. For that 
purpose the unit exergy cost of the building exergy demand is minimized as a function of the 
network supply temperature using steady state analysis under different load conditions 
(Valero et al. 2006). The network heat supply temperature can however not become lower 
than the highest minimum supply temperature required by consumers. This minimum 
network supply temperature value is found by simulating each building heating system 
according to Chapter 5.2.4.1 with the goal of minimizing the heating system supply 
temperature so the supply temperature requirement will vary between buildings according to 
building typology and size, and find the maximum of the varying temperature requirement of 
all buildings. The unit exergy cost to be minimized is defined as so: 
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𝜅'(𝑇U(',N,') = 𝐵*,'𝐹* + (𝑊3Xo3,'+𝑊0X,,' − 𝑊T(U,')𝐹(.𝐵BC,,'+𝐵\C,,'  ( 5.15 ) 
 
Where primary energy factors, FPE, are used to estimate the total primary energy 
consumption at a given heat load and take the values of 2.6 and 1.1 for electricity generation 
in Japan and wood chip as fuel respectively (Baldvinsson and Nakata 2014; Schmidt 2004b). 
The exergy demand consists of space heating and hot water demands and electric work 
consists of pumping power, auxiliary power consumption of heat plants less the power 
generation of the CHP plant, considered as saving of primary energy sources. This optimal 
network supply temperature is then set as a lower boundary of the network supply 
temperature. The exergy calculation model is explained in more detail in Chapter 5.2.7.  
In practice the operation is conducted through so called “weather responsive reset” 
control strategy where the supply water temperature to the RFHS supply temperature is 
regulated according to desired indoor temperature, outdoor temperature and its deviation 
from design conditions at each building (Uponor 2011). This allows the exact heat demand to 
be supplied at any given time at minimum supply temperature. Through digital metering, the 
ESCO receives instantaneous information about the required temperature and mass flow of 
each building and regulates the network supply temperature and flow rate accordingly, based 
on the knowledge on network geometry and network specific building locations and exergy 
minimization strategy.  
The network operation simulation scheme is explained in flow diagram in Figure 5.6 
and is conducted for each time step. The hydraulic and thermal simulations are carried out in 
an iterative process, minimizing the excessive network mass flow at set network supply 
temperature, selected subject to minimized unit exergy cost. Initial mass flow is obtained by 
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simulating building installation with the network supply temperature fixed throughout the 
network. The network temperature drop is then accounted for, requiring increased mass flow 
by buildings due to lower network flow temperature at building input, hence the mass flow is 
being increased accordingly. This is repeated until mass flow and minimum temperature 
requirement are met at each and every demand node in the network. Hydraulic calculations 
are carried out in each pipe segment calculating pressure loss using Darcy-Weisbach equation 
( 5.14 ). The network pump power is calculated using: 
 
𝑊U(',3Xo3,' = ∆𝑝U(','𝑚U(','𝜂3Xo3  ( 5.16 ) 
 
with ηpump as the pump efficiency.  
The temperature drop in the network is calculated using equation ( 5.17 ), which is only 
valid for steady state conditions. 
 
𝑇±,' = 𝑇/,' + 𝑇+,' − 𝑇/,' ∙ 𝑒𝑥𝑝 −𝐿+,± 𝑐3𝑚+,±,'𝑅'/',+,±  ( 5.17 ) 
 
Ti and Tj are the temperature values at node i representing upstream node and node j 
representing downstream nodes respectively. Li,j is the edge length between nodes i and j and 
Rtot,i,j is the total thermal resistance of insulated pipe segment and is calculated according to 
pipe layers thermal resistance and thickness as well as depth of pipeline in the ground. To is 
the ground surface temperature, assumed same as the outdoor temperature. The heat loss in 
each pipe segment is then calculated by using equation ( 5.18 ). 
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𝑄b(0'	./NN,+,±,' = 𝑇+,' + 𝑇±,' 2 − 𝑇/,'𝑅'/',+,± ×𝐿+,± ( 5.18 ) 
 
Bypass is defined as the difference between the total network flow and required flow by 
buildings, i.e. unused network circulation. It is included in the network to ensure sufficient 
mass flow and temperature level for all users at low demand periods, especially summer, 
when the demanded flow rate in the network becomes small so the temperature drop may 
exceed the minimum temperature requirement of buildings. The temperature drop is 
compensated by increasing bypass flow iteratively until temperature demand of all users is 
reached. We assume perfect mixing of network return line and each building return flow. 
5.2.6 Local resource integration 
One of the main benefits of low temperature DHS is that it enables easier integration of 
local renewable and waste heat sources. Many heat supply technologies also benefit from 
supplying lower temperature to the district heating network such as solar collectors, heat 
pumps, CHP plant with extraction turbine or gas engine CHP and condensing boilers (Dalla 
Rosa et al. 2012). For heat supply a biomass CHP plant fed with locally available wood 
biomass in chip form is considered. The city is estimated to have 117,623 MWh of useable 
local woody biomass annually, mainly coming from apple tree trimming and forest waste 
wood (NEDO 2013).  
For simulating the CHP plant we make use of the mathematical model generated by 
Savola et al. (Savola and Keppo 2005) which captures the plant's operational behaviour at 
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district heating system partial load and different supply temperatures to the network. Savola 
et al. also assessed the impact of the network return temperature on the plant operation but 
found it to be minimal and this study remains consistent with their findings. The linear model 
for fuel consumption and net electricity generation are as follows: 
 
𝑄* = 𝑎 ∙ 𝑄`C + 𝑏 ∙ 𝑇N,`C + 𝑑 ( 5.19 ) 
𝑄(. = 𝑎 ∙ 𝑄`C + 𝑏 ∙ 𝑇N,`C + 𝑑,										𝑎 ∙ 𝑄`C + 𝑏 ∙ 𝑇N,`C + 𝑑 − 𝑤I,		𝑓𝑜𝑟	𝐿I ∙ 𝑄nC,'b,o0, ≤ 𝑄`C ≤ 𝑄nC,'b,o0,𝑓𝑜𝑟	𝑄nC,'b,o+U ≤ 𝑄`C < 𝐿I ∙ 𝑄nC,'b,o0,  ( 5.20 ) 
 
The regression parameters are based on the work of Savola et al. but adjusted according to 
plant size using spline interpolation and are listed in Table 5.8. The fuel consumption is 
estimated by single line model while the net electric power generation is estimated by double 
line model to take into account more steep changes at part load operation. 
The purpose of this study is not to optimize the plant size but to see how the CHP plant 
operates in harmony with the DHN under varying load and operating conditions. The CHP 
plant has a condensing steam turbine and operates according to steam Rankine process and 
has a lower operational limit of 45% of the design plant heat generation capacity. The plant is 
sized with heat production priority but the lower operation limit makes it uneconomical to 
match it with peak load of the network. Therefore it is sized in order to operate over the 
winter season (December throughout March) according to heat load duration curve in Figure 
5.7. During heat load hours outside the operation range of the CHP plant a condensing 
biomass boiler is considered with efficiency of 90% and referred to as heat only boiler (HOB) 
henceforth. The required auxiliary power of the HOB is based on (Chen et al. 2012). It is 
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assumed that all net electricity generation is sold to the local grid.  
5.2.7 Exergy model 
District heating system deals mainly with the transfer of thermal exergy within fixed 
control volume. For simplification any change in elevation of the system is neglected and the 
system is assumed to be at rest relative to the environment with kinetic and potential exergy 
rates equal to zero, leaving physical exergy driven by heat transfer as a dominant component. 
This allows for using the entropic average temperature for estimating the sensible exergy 
change in the heat carrier (Saloux et al. 2015). The general exergy balance of district heating 
network can be defined as the following (Bejan et al. 1996): 
 
𝐵3.0U',(,' − 𝐵3.0U',+,' 	+ 	𝑊3Xo3,'
= 𝑄+,±,' 1 − 𝑇R,'𝑇¶,+,±,'+,± + 𝐵V,+,,' − 𝐵V,(,,'V + ∆𝐵`C,' ( 5.21 ) 
 
The left side of equation ( 5.21 ) consists of network exergy input from plant and electrical 
input for pump power. The right hand side consists of output from the network and network 
destruction. The first term on the RHS depicts the exergy transfer rate associated with heat 
transfer, 𝑄+,±,', crossing pipeline boundary in pipe segment ei,j and at temperature Tz. The 
pipeline boundary is defined as the internal pipe wall and the boundary temperature is 
assumed to equal average pipe water flow temperature of edge ei,j (Bejan et al. 1996). The 
second term consists of total exergy transfer to connected buildings and the third term stands 
for the total exergy destruction in the network. The exergy destruction mainly occurs due to 
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pipe friction, dissipation of pumping power to low quality heat, heat losses and mixing of 
building return water and bypass.  
The exergy balance for cogeneration plant is defined in equation ( 5.22 ). As system 
approach is applied in this study, specific components within the plant are not considered and 
the balance is aggregated to input and output level of the plant. The first term on the RHS 
stands for the exergy transfer to the DHN and the second term stands for the net electricity 
generation. 
 
	𝐵*,' = 𝐵3.0U',(,' − 𝐵3.0U',+,' + 𝑊(.,' + ∆𝐵3.0U',' ( 5.22 ) 
 
The exergy balance of the secondary circuit of each building is also aggregated and defined 
as:  
 
𝐵V,+,,' − 𝐵V,(,,' = 𝐵\C,,' + 𝐵BC,,' + ∆𝐵V,,' ( 5.23 ) 
 
Exergy destruction in the secondary side occurs mainly due to irreversible heat transfer 
between primary and secondary streams in heat exchangers, and then between secondary 
stream and room air in emission system as well due to friction in pipes. The exergy demand 
for space heating and hot water is defined respectively as (Torio and Schmidt 2010): 
 
𝐵BC,,' = 𝑄BC,,' 1 − 𝑇R,'𝑇+U  ( 5.24 ) 
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𝐵\C,,' = 𝑚\C𝑐3 𝑇\C − 𝑇'03 − 𝑇R,' ln 𝑇\C𝑇'03  ( 5.25 ) 
 
The exergy of the sensible heat change in the DHN water flow, as well as water flow 
entering and exiting building as the water gains or loses heat between inlet and outlet points, 
can be defined as the general exergy change of matter as so (Schmidt et al. 2011): 
 
∆𝐵' = 𝑚'𝑐3 𝑇C/',' − 𝑇n/.1,' − 𝑇R,' ln 𝑇C/','𝑇n/.1,'  ( 5.26 ) 
 
The system performance evaluation is carried out at two boundary conditions. The 
network efficiency is estimated at the DHN input boundary as so: 
 
𝜓`C,' = 𝐵BC,,' + 𝐵\C,,'𝐵3.0U',(,' − 𝐵3.0U',+,' 	+ 	𝑊3Xo3,' ( 5.27 ) 
 
Secondly the whole system is evaluated at the heat plant input boundary: 
 
𝜓NN,' = 𝐵BC,,' + 𝐵\C,,' + 𝑊(.,'𝐵*,' + 𝑊0X,,'  ( 5.28 ) 
 𝑊0X,,' is the auxiliary power consisting of electricity for pump power and HOB operation 
while 𝑊(.,' is sold electricity from CHP plant. The same definition as in equations ( 5.27 ) 
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and ( 5.28 ) is used for evaluating the energy efficiency; ηnet,t and ηsys,t.  
5.2.8 Case settings 
In order to analyse the performance of the proposed system and operation strategy a 
three different case variations are conducted; a low temperature district heating case (LT) 
which contains previously described system at current load conditions, a low temperature 
district heating case with low energy buildings (LTLE) and a cascade network case 
(Cascade). All of them follow the proposed methodology but the difference of the LTLE and 
Cascade cases from LT case is described below. In addition a conventional district heating 
system case following medium temperature (MT) operation scheme is conducted for 
comparative purposes. 
5.2.8.1 Low temperature district heating with low energy buildings (LTLE case) 
In the LTLE case, the space heating demand of buildings is reduced from the reference 
level. Space heating demand of buildings comes down to building energy codes and standards 
and their enforcement. Table 5.9 compares the building insulation standards of the selected 
case area to the ones of Denmark given their climate resemblance (Danish capital 
Copenhagen has 3,647 heating degree days compared to 3,443 of Hirosaki city (BizEE 
2015)), demonstrating a potential room for space heating demand reduction in the case of 
Japan. To see how the district heating system responds to less heat load a low energy case is 
considered. As the space heating load is linearly dependent on building envelope insulation 
level, while keeping other parameters constant the space heating demand decreases 
proportionally to insulation improvements. For the sake of argument the space heating 
demand reduction is estimated by assuming that all buildings' insulation levels are just at the 
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current building energy standards and that they are improved to the Danish standards. The 
CHP plant size and regression coefficients from Table 5.8 change according to the heat load 
reduction of the DHN. 
5.2.8.2 Cascade network 
A cascade case is presented to see if quality difference of building heat demand allows 
for cascade utilization of the heat carrier. In order to assess the cascade potential the required 
temperature by each building is assessed using the RFHS and compared between building 
typologies, both qualitatively and quantitatively using an exergy matching diagram (Sanaei 
and Nakata 2012). Based on the required heat carrier quality level by each building type, the 
DHN is divided into high temperature part (HTP) and low temperature part (LTP). The 
network parts are separated by heat exchanger, where the return flow of the HTP is used to 
heat the return flow of the LTP to required supply temperature as Figure 5.8 demonstrates. 
The HTP receives heat from the CHP plant and HOB as for the other cases. The LTP is 
subject to same operation strategy as the LT case and the supply temperature to the HTP is 
selected as to minimize the network exergy efficiency according to equation ( 5.15 ). A three-
way separation valve is modelled to control the flow to the heat exchanger based on the 
return temperature from the HTP and heat demand of the LTP. The buildings connected to 
the HTP operate according to radiator system No. 3 with fixed temperature levels in order to 
maintain the return temperature sufficiently high. Buildings connected to the LTP have 
RFHS. The exergy matching diagram is revealed in the result section. The heat exchanger 
requires the temperature difference at the same end between primary and secondary side to be 
at least 5°C at all times. The heat exchanger simulation follows same routine as Chapter 
5.2.4.2 presents and is located at the heat generation site. 
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5.2.8.3 Medium temperature district heating system (MT case) 
In the MT case the distribution network is designed and operated according to 
conventional top-down approach. The network supply temperature is at medium temperature 
range, 70 – 90°C, and varies depending on outdoor temperature as Figure 5.9 demonstrates 
(Woods et al. 1999). Radiator system No. 2 according to Table 5.6 is selected as the building 
heating system with design and return temperature of 70 and 55°C. Sufficient flow rate is 
ensured through iteration according to operation scheme in Figure 5.6.  
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5.3 Results and discussion 
For the simulation of the district heating system under each design case a daily average 
load and outdoor temperature profiles, spanning 24 hours, were generated for each month for 
simplification measures and to capture the seasonal load variation impact on the system. 
5.3.1 Building heat demand quality assessment 
The RFHS model was applied for estimating the temperature required by each building 
in order to provide sufficient thermal comfort without breaking physical constraints. The 
maximum required supply temperature to floor heating system for each building type in 
February is presented in Figure 5.10 for LT and LTLE cases. In terms of the LT case the 
Office, university and hospital buildings reach a ceiling of roughly 59°C as the maximum 
allowable floor surface temperature of 29°C is reached at this point. In fact the maximum 
heat flux from the floor heating system becomes 85.3 W/m2 (at 20°C indoor temperature) 
which resembles the maximum output values stated by manufacturers (Uponor 2013). This 
leads to insufficient thermal comfort if only depending on RFHS for heat supply. For average 
daily load in February the lack of thermal output is 6.6%, 8.4% and 32.6% of the total space 
heating demand for the university buildings, office building and the hospital respectively. In 
the LTLE case the temperature required decrease considerably and the RFHS heat output 
capacity is only reached in terms of the hospital however by lesser extent. This indicates how 
much building insulation improvement is required to make low temperature building heating 
system a viable option and also when and to what extent an additional heat is required if 
needed. The RFHS is however able to provide sufficient heat to the residential buildings and 
the nursery home in the LT case. This is both due to the fact that the EUI is lower in terms of 
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the latter group and the heat load is more evenly distributed as the indoor heat is assumed 
being kept stable all day and space heating load varies with outdoor temperature. The reason 
for the high supply temperature from early morning compared to afternoon especially 
noticeable in the office and university buildings for the LTLE case is to counteract the heat 
acceleration limit of the system and build up sufficient heat output for when it is needed. 
To gain deeper insight into the space heating demand by building type the temperature 
level is presented through energy quality factor in an exergy matching diagram. The quality 
factor of required change in thermal energy of heat carrier flow through the building heating 
system is defined as: 
 
𝐹{X0.+',V,,' = 1 − 𝑇R,'𝑇N,,' − 𝑇 ,,' ln 𝑇N,,'𝑇 ,,'  ( 5.29 ) 
 
Ts,k,t is the minimum required water input temperature of building heating system, in this case 
RFHS and Tr,k,t is the return temperature from the heating system. The maximum required 
quality factor of heating system for each building type is demonstrated in Figure 5.11 among 
the total annual space heating demand. The area under each line segment represents the total 
required exergy input to building heating systems. Figure 5.11 a) shows the linear supply 
without taking into account the energy quality requirement of different buildings within the 
district. Figure 5.11 b) shows how insight into energy quality can be used for implying 
cascade potential of the heat carrier and potentially reduce the system energy consumption. 
The Cascade case is based on this notion where the hospital, university and office buildings 
are supplied by HTP and residential buildings and nursery are supplied by LTP. The 
temperature level of the HTP is elevated sufficiently so that the network return flow to the 
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heat exchanger is used to heat the LTP flow and the building heating systems connected to 
the HTP are operated accordingly. The minimum temperature difference between HTP return 
temperature and LTP supply temperature at the heat exchanger is set at 5°C. 
5.3.2 Distribution network design  
The network was designed under each of the selected case settings. The CHP plant and 
HOB are located at the hospital site, as it is the most demand intense consumer and offers 
sufficient installation area. This avoids transmitting the heat carrier required by the hospital 
over distance. Figure 5.12 shows the network layout and the inner diameter of the pipe 
network for each case. It demonstrates how the pipe diameter decreases with increasing 
distance from heat source and with lower heat density area. The equivalent diameter is 0.103 
m, 0.077 m, 0.102 m and 0.119 m for the LT, LTLE, MT and Cascade case respectively. The 
reason for the large pipe size in the Cascade case is because the HTN and LTN networks 
overlap in the segments represented by dashed line and the figure shows their summation. 
The selected commercial pipes are of single PEX type from Mesco and Logstor (with 
insulation series 2) and pipeline thermal properties were obtained from pipe specifications. 
Twin pipes are also gaining more interest especially in Northern Europe due to less heat loss 
but are only available until 50 DN (approx 0.058 m Di) (Dalla Rosa et al. 2011, 2012). Figure 
5.12 shows that twin pipes would be infeasible in the high demand intensity area but may be 
installed at some network parts of the residential district in e.g. LT and MT cases as pipeline 
approaches end consumers. In the LTLE case, twin pipe feasibility increases considerably 
however, to 51% of the trench length from 36% in the LT case. 
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5.3.3 Network supply temperature 
For the low temperature operation strategy the network mass flow rate is varied 
according to load and temperature drop in pipeline. This may however lead to inefficiently 
high network flow rate with associated pump power and heat loss, outweighing the benefit of 
maintaining low network supply temperature. To assess the optimal balance between bypass 
flow and network supply temperature, the unit exergy cost of heat demand is minimized (eq. 
( 5.15 )) in a steady state analysis at various load conditions as a function of network supply 
temperature. Figure 5.13 demonstrates the relationship between bypass flow rate in a) and 
unit exergy cost in b) as a function of network supply temperature for LT case for four 
different load conditions. ΔTDHN,s is the temperature increment over the minimum feasible 
network supply temperature, defined as the maximum temperature required by individual 
buildings which may vary with load condition. At high load during winter the bypass flow is 
little to none and the minimum unit exergy cost is at network supply temperature of 1°C 
above the minimum feasible network supply temperature. However at lower load conditions 
with increasing bypass flow the minimum unit exergy cost is at higher network supply 
temperature increment. Due to large scale of the y-axis in Figure 5.13 the range of exergy 
unit cost is not recognizable but the range between the maximum and minimum values is e.g. 
4.2 and 0.16 for “summer noon” and “winter noon” respectively. Figure 5.13 indicates that 
the network supply temperature should be given value depending on load conditions for 
minimum exergy consumption. For simplification the weighted average of the optimal 
network supply temperature, w.r.t. load and load duration, is selected as a lower boundary 
value for the network supply temperature for the LT, LTLE and Cascade cases. The 
difference in unit exergy cost between load conditions is due to large sensitivity of exergy 
demand to change in reference temperature which is the time dependent outdoor temperature 
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and that during summer no power is generated at the CHP plant.  
The average daily network supply temperature profile for each month is demonstrated 
in Figure 5.14, defined as the flow temperature from the heat plants. The optimal lower 
network supply temperature boundary, according to optimal unit exergy cost as explained 
earlier, is 53°C for LT and LTLE cases and 77° for cascade case in which the low 
temperature part has 52°C supply temperature lower boundary. The spikes of LT and LTLE 
cases during winter period are due to increase in buildings heating system load. The spikes 
for the LTLE case further reflect the increase of RFHS supply temperature in the mornings to 
compensate the acceleration time limit of the RFHS as Figure 5.10 explains. This is also the 
reason why LTLE supply temperature exceeds the one of LT case in winter months as the 
heat demand intense buildings have LT radiators instead of RFHS due to lack of RFHS heat 
output in the LT case. Deeming that LT radiators are not feasible, a network supply of over 
70° is required during winter months. In MT case the temperature is however predefined 
according to Figure 5.9.  
5.3.4 System analysis 
5.3.4.1 Energy analysis 
The upstream system boundary for the system analysis is set at the fuel input to heat 
plants and auxiliary power required by plants and network circulation pump. Heat loss at 
building substations and in-house distribution systems is disregarded and all heat entering the 
buildings is assumed useful for heating. Figure 5.15 shows the daily energy balance of the 
system for each month and each case. During summer months the load drops dramatically 
compared to winter months as WH is only being supplied. In case of the LTLE case 
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approximately 40% energy reduction for SH is achieved by improving the building envelope 
insulation to the level of Danish standards. The network heat loss and auxiliary power 
contribute to only tiny amount of the balance and are hardly recognizable in Figure 5.15. 
Their average daily values per month are however listed in Table 5.10 for each case. The 
unusual profile of heat loss in the Cascade case is because of bypass flow rate of the HTP in 
the summer month just to accommodate the LTP. 
For clarifying the network and total system performance, Figure 5.16 demonstrates both 
the network and total system energy efficiencies. The reason for the high network efficiency 
is the high linear heat density and that the heat source is produced at the hospital site, hence 
avoiding transmission heat losses for its supply. In terms of the DHN efficiency, the Cascade 
case has a clear benefit from hydraulically separating the network into high temperature and 
low temperature parts depending on building quality factor requirements. This is because 
little to no bypass mass flow is required in the HTP which is being fed by the heat plants and 
the heat exchanger separating the HTP and LTP is only responsible for small temperature 
drop of the water flow in the return line, with annual weighted average of roughly 6°C, as 
generally only small share of the mass flow in the return line is required by the heat 
exchanger. In winter time 5% to 30% of the total mass HTP flow rate is sent to the heat 
exchanger depending on time of day, but becomes 5% to 99% in the summer time, when the 
temperature drop in the LTP is minor anyway due to large amount of bypass flow. The daily 
average flow rate of the Cascade case is 0.062 m3/sec compared to 0.067 m3/sec of the LT 
case on annual basis. It further benefits from supplying the LTP at low temperature (52°C). 
The LTLE case has lower network efficiency than LT case during midseason which results 
from having higher temperature drop due to less flow rate in the network which leads to 
relatively higher bypass flow rate as Figure 5.17 shows. During winter period the efficiency 
166 
 
gap between cases draws closer as network is operating at high load with little to none bypass 
flow required and only small temperature drop in the network resulting in small heat loss.  
In terms of operational parameters the network heat loss depends on the flow 
temperature and the flow rate in the network. Figure 5.17 demonstrates the correlation 
between bypass flow and network heat loss as the network heat loss increases with relative 
increase in bypass flow rate. This is because the bypass flow increases the temperature in the 
return pipeline as well as more volume is being circulated. However the proportional 
relationship differs between cases because of different network flow temperatures. Therefore 
the network heat loss to heat production ratio in the LT case is less sensitive to bypass flow 
rate than the MT case. 
The reason for the irregular drop in the heat loss to heat production ratio in July in the 
Cascade case is because for few hour period during night the hospital is the only consumer in 
the HTP with any heat load and thus there is no flow and heat loss in the HTP beyond the 
hospital. Meanwhile the LTP supplies only minor load leading to only 1 to 2°C temperature 
drop in the HTP return flow to the HOB from the heat exchanger, resulting in proportionally 
less heat loss then in consecutive months. The LTP is responsible for larger share of the 
bypass flow in the cascade case, 57% of the total bypass flow on annual basis, but it has less 
impact on the heat loss compared to LT case as the LTP trench length is shorter and the 
network supply temperature is lower at 52°C. 
In terms of the total system efficiency, during winter months it is affected by the 
operation of the CHP plant while during summer months the system efficiency is 
proportional to the network efficiency as the HOB is the sole heat source. The efficiency is 
fairly stable from December to March as the operation of the CHP plant follows similar 
profile. The reason for the boost in system efficiency in April and November in Figure 5.16 is 
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because the CHP plant is operating at partial load for part of the day. But as Savola et al. have 
shown the derivative of net electricity generation as function of heat generation increases at 
partial loads, leading to higher efficiency at partial loads (Savola and Keppo 2005).  
Figure 5.18 demonstrates main CHP plant operation profiles; fuel input, net electricity 
and heat generation, for a day in February for LT and MT cases. Due to a low network heat 
loss in February the heat generation profile is nearly identical between cases. At lower 
network supply temperature (LT case) the electricity generation is considerably higher than at 
medium temperature operation. The fuel input, however, is more sensitive to supply 
temperature level explaining the comparative increase in system efficiency of the MT case 
during winter months. 
5.3.4.2 Exergy analysis 
The exergy analysis demonstrates the amount and location of true thermodynamic 
inefficiencies in the system for each case. The reference conditions are the outdoor 
temperature at any given hour and atmospheric pressure. Figure 5.19 shows the relative 
exergy balance for the district heating network for each month. The heat source is left out in 
order to clarify the wasted exergy profile within the DHN. The network exergy efficiency 
equals to the relative share of exergy demand. The results of exergy analysis of the HTP and 
LTP of the Cascade case are demonstrated in an aggregative way. 
The largest relative exergy destruction occurs at the secondary side of building 
substation due to separation of the hot water between WH and SH and because of the 
temperature difference between product temperature, 20°C for SH and 45°C for WH, and the 
process temperature, the network flow temperature. The higher the network flow temperature 
the larger the exergy destruction at building. During winter time the network operates 
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constantly at high load, leading to relatively low network temperature drop and heat loss. The 
relative increase in DHN exergy destruction during summer time, especially noticeable for 
the LT and LTLE cases, is due to increase in bypass flow but the exergy destruction occurs at 
mixing of cold building return water with warm bypass flow and dissipation of high quality 
energy, pumping power, to low grade network flow heat.  
The absolute values for exergy destruction and exergy transfer due to network heat loss, 
referred to as exergy loss, in the network are demonstrated in Figure 5.20 for the LT, MT and 
Cascade cases. The large exergy destruction in the LT network compared to MT case is due 
to high hydraulic power demand. On the contrary the low DHN exergy destruction in MT 
case is because of low mass flow requirement due to larger building temperature difference 
and small bypass flow compared to other cases. However the high flow temperature of the 
MT case encourages exergy loss associated with network pipeline heat transfer which is 
especially high during winter. 
In terms of the Cascade case, the high DHN exergy destruction is due to several 
intertwining factors. Basically it combines the main source of DHN exergy destruction in the 
LT case, large hydraulic demand, and MT case, high network supply temperature, as well as 
temperature drop in the HTP/LTP heat exchanger. It also has the highest return temperature 
to the heat plants of all the cases which is known to have negative effect on the network 
exergy efficiency. During summer time the high bypass flow as demonstrated in Figure 5.17 
increases the return temperature of the LTP, with daily average of 35°C in July, causing the 
return temperature to the heat plant in the HTP to remain relatively high or 54°C on average. 
This high supply and return flow temperature leads to largest exergy loss due to network heat 
loss in Summer time as the exergy transfer rate is occurring at the highest temperature. 
During winter time, the HTP load is much higher than LTP load resulting in small 
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temperature drop of the return flow to the heat plants in the heat exchanger.  
The monthly network and total system exergy efficiencies are demonstrated in Figure 
5.21 for each case. The large difference in the exergy efficiency is mainly due to the seasonal 
change of the reference temperature. The DHN exergy efficiency of the LT and LTLE case is 
considerably higher than of the Cascade and MT cases and ranges from 50% in January to 
16% in August while the efficiency of the LTLE case is 1% to 4% higher mainly due to lower 
return temperature to the heat plants except during summer when the network efficiency gap 
decreases. The efficiency of the MT case ranges between 39% and 11% and the DHN 
efficiency of the Cascade case ranges from 39% to 6%. The Cascade case network efficiency 
during summer time gets so low because the network supply temperature to the HTN is fixed 
at 77°C all year long. The increase in network efficiency from May to June is due to 
proportionally higher reduction in network exergy input compared to exergy demand. The 
reason is that the heat load drop is substantially higher than the increase in outdoor 
temperature (reference temperature).  
The chemical exergy factor of the biomass chip is set as 1.03 according to Utlu et al. 
(Utlu and Hepbasli 2007) explaining the large exergy destruction at the CHP plant and HOB 
causing low system exergy efficiency. Comparing the period when the CHP plant is operating 
to its non-operating period demonstrates the importance of using the fuel source effectively 
by generating exergy in the form of electricity. The efficiency gap between the LT case 
compared to MT and Cascade cases decreases on the total system basis corresponding to the 
energy efficiency behaviour. The system efficiency of the LTLE case becomes lowest during 
winter period mainly because the power-to-heat ratio decreases with smaller CHP plant and 
the fuel to electricity generation ratio increases with lower DHN supply temperature. 
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5.3.5 Result summary and discussion 
Table 5.11 lists some of the performance characteristics for each design case on annual 
basis. The equivalent diameter and network energy efficiency indicate that there is a tradeoff 
between network initial capital investment and operation cost. The MT case has the smallest 
equivalent diameter but lowest network efficiency and on the other end the Cascade case has 
the largest equivalent diameter but the highest network efficiency, with the LT case in-
between. There is also a tradeoff between heat loss and pumping power (responsible for 
majority of the auxiliary power) as the LT and Cascade cases have lower heat loss compared 
to the MT case but require more auxiliary power. 
The LT case is able to generate the most electricity and thus generate the most income, 
assuming no market restriction. It also requires most combustion fuel (increasing fuel to 
electricity ratio with lower DHN supply temperature) indicating that the cost margin for net 
electricity generation increases with lower DHN supply temperature. Japan has currently a 
FIT system making use of CHP plant with LTDHS an attractive option. The high CHP 
efficiency of the MT case increases the system energy efficiency to the level of LT and LTLE 
cases. 
The LTLE case has the highest network exergy efficiency, making most of the useful 
network energy input, which however does not transcend to the network energy efficiency. 
This is because the sensible heat transfer is a dominating factor of the exergy flow however 
with less impact on the energy flow. Therefore the energy performance might improve in 
terms of the LTLE case by avoiding the relatively high bypass flow to total network flow 
share during mid-season by raising the network supply temperature. 
The system exergy efficiency is highly affected by the CHP plant operation. The 
generation of electricity results in over 15% higher system exergy efficiency then just 
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producing heat in HOB. The CHP plant capacity to sell electricity is also important as the 
comparatively low power-to-heat ratio of the CHP plant in the LTLE case results in the 
lowest annual system exergy efficiency, with annual CHP plant exergy efficiency of 26.9% 
compared to 31.6% of the LT case. 
Although having the highest energy efficiency the Cascade case has the lowest network 
exergy efficiency. This is mainly due to stable supply temperature of 77°C throughout the 
year and some of the destruction occurs due to the hydraulic separation between the HTP and 
the LTP. A potential way to improve this is to replace the heat exchanger with direct 
connection in the form of a shunt, which basically works as a flow gate controlling the mix of 
HTP return flow with supply flow to the LTP. Two configurations, mixing shunt and 3-pipe 
connection shunt, have been tried out in demonstration projects in Denmark (Olsen et al. 
2014). This eliminates the temperature drop in the heat exchanger and may decrease the need 
for bypass flow in the LTP. It however requires compatibility in the operation of the HTP and 
the LTP in terms of pressure and sufficient flow rate. 
In order to measure the true energy savings between cases the primary energy source 
(PES) consumption is estimated. It is evaluated according to the numerator in eq. ( 5.15 ) 
where primary energy consumption due to biomass chip production and electricity generation 
is estimated using primary energy factors. Electricity generation in the CHP plant is 
considered as avoided primary energy source consumption for electricity and is subtracted 
from input. LTLE case has the lowest PES consumption as the SH demand has been reduced 
for approx. 40%. Of the cases providing the same amount of demand, the LT case requires 
least PES consumption benefiting of the high electricity generation at low network supply 
temperature. The cascade case comes next consuming about 1,000 MWh/year less than the 
MT case.  
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5.4 Conclusion 
This study assesses the potential of implementing low temperature (LT) district heating 
system into an existing community in North Japan. It presents a high spatial resolution 
district heating network design and simulation model following a bottom-up based design 
approach. For comparative measures the LT district heating system analysis is carried out in 
three design cases; low temperature (LT), low temperature low energy (LTLE) and Cascade 
case combining medium temperature network and low temperature network. In addition a 
conventional medium temperature district heating system design case is provided. This model 
is applicable for larger district as well as other cities and countries as long as sufficient GIS 
data is available.  
A radiating floor heating system model indicates that low temperature heating is 
infeasible for providing sufficient thermal comfort during cold winter days for buildings with 
high space heating load such as hospital, university and office building in Japan. This 
indicates that a network supply temperature of higher than 70°C is required during winter 
months without assuming feasibility of low temperature radiators. Introducing improved 
building insulation (to Danish standards) can lead to approx. 40% space heating reduction 
and reduction in building supply temperature requirement, hence increase the compatibility 
with low temperature district heating, with maximum required network supply temperature of 
65°C during winter. 
Low temperature district heating system design results in a little bit larger pipe size 
compared to conventional medium temperature setting. The LT case has however higher 
network energy efficiency, with 99% compared to 98.4% of the MT case on annual basis. 
This indicates a cost trade-off between initial capital investment and operation cost over 
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network's lifetime. A clear synergy effect is observed in the cascade design configuration 
between high temperature network and low temperature network obtaining highest network 
and system efficiency of 99.2% and 88.5% on annual basis. This is largely due to reduced 
bypass flow in the high temperature network part avoiding heating up unused flow. The high 
network energy efficiency is due to high linear heat density but the efficiency difference e.g. 
between LT and MT cases is likely to magnify with lower linear heat density. 
The CHP plant operation varies considerably between district heating network cases. It 
generates the most electricity at lower network supply temperature as less heat is extracted 
from the steam, thus higher income can be generated. However the required input fuel to net 
electricity generation ratio increases with lower supply temperature, leading to lower CHP 
plant efficiency for the low temperature cases. The price difference of input fuel and sold 
electricity is therefore a key factor for assessing the economical preference of plant operation. 
The benefit of low temperature operation with the CHP plant is evident in terms of energy 
savings as the LT case requires about 6.6% less primary energy source consumption than the 
MT case. 
The low temperature operation cases have the highest network exergy efficiency due to 
smaller difference between the network supply temperature and demand temperature, 46.9% 
and 50.4% for the LT and LTLE cases. The Cascade case has however the lowest network 
exergy efficiency, 32.5%, that may be improved by avoiding the temperature drop in the 
network separation heat exchanger and by reducing the low temperature network bypass 
flow. The MT district heating system has higher exergy loss due to network heat loss 
compared to network exergy destruction given the comparatively low network flow rate. 
Low temperature to the district heating network results in the largest system exergy 
efficiency on annual basis of 20.6% compared to 17.8% of the medium temperature case. The 
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annual variation of the system exergy efficiency demonstrates the importance of using high 
quality energy sources effectively as the system exergy efficiency of the LT case is 24% on 
average for January till April, while the CHP plant is operating, compared to only 1.5% on 
average for June till September when heat only boiler is the heat source. 
Despite high technological advancement of Japan, the heat supply system paradigm is 
lacking sufficient thermal comfort and holistic design approach. The low temperature district 
heating design shows a considerable potential for high performance heat supply system and 
integration with district based low exergy heat sources and could play an important role for 
low carbon development of the urban community. In case of Japan, it might however require 
improved building energy codes to pave the way for low temperature district heating system 
implementation and other low exergy systems.  
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Figure 5.1 Simplified scheme of the model framework and study flow. 
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Figure 5.2 Selected case study area in Hirosaki city consisting of hospital, nursery home, 
office building, university buildings and residential district. 
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Figure 5.3 Load distribution of space heating (SH) and hot water (WH) for hospital and 
university buildings. Graph a) shows annual distribution between months while graph b) 
shows daily distribution between hours. 
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Figure 5.4 Schematic of the building heating system installation providing space heating and 
hot water.  
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Figure 5.5 Simplified topology of network and building connection for the district heating 
network model, presented by set of interconnected edges and nodes. 
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Figure 5.6 Flow diagram explaining the operation strategy for the low temperature district 
heating system analysis.  
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Figure 5.7 Annual heat load duration curve for the case district showing operation duration of 
CHP plant and HOB. 
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Figure 5.8 Simplified scheme showing the difference between single district heating network 
configuration and cascade district heating network configuration where high temperature and 
low temperature parts are hydraulically separated through heat exchanger (HEX). 
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Figure 5.9 Network supply temperature as a function of outdoor temperature of the medium 
temperature DHS design case. 
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Figure 5.10 The difference of minimum required supply temperature to floor heating system 
by building type for average day in February between LT and LTLE cases.  
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Figure 5.11 Exergy matching diagram comparing the quality level of building heat demand 
between building types. a) shows linear utilisation while b) shows the proposed cascade 
configuration.  
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Figure 5.12 Pipeline layout and inner diameter of pipeline for a) LT case, b) MT case, c) 
LTLE case and d) Cascade case. In d) the dashed line denotes overlap and diameter sum of 
high temperature and low temperature networks. 
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Figure 5.13 Relationship between a) bypass flow and b) unit exergy cost of heat demand as a 
function of network supply temperature at different load conditions for the LT case. ΔTDHN,s 
is the temperature increment over the minimum feasible temperature. 
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Figure 5.14 Average daily network supply temperature profile per month for each case. 
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Figure 5.15 Comparison of energy balance of the total district heating system between cases 
consisting of SH and WH demand, generated electricity at CHP, network heat loss, electricity 
for pumping and heat plants losses. 
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Figure 5.16 Annual network and total system energy efficiency for each case on a monthly 
basis. 
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Figure 5.17 Comparison of the relationship between a) bypass flow rate and b) network heat 
loss rate between cases. 
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Figure 5.18 Daily operation profile of a CHP plant in February for LT and MT cases 
depicting the fuel input, net electricity generation and heat generation profiles. 
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Figure 5.19 Comparison of the relative exergy balance of the district heating network 
between cases consisting of exergy demand of SH and WH, exergy destruction at secondary 
side of substations, exergy destruction in network and exergy associated with network heat 
loss. 
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Figure 5.20 Daily average distribution network exergy destruction and exergy loss associated 
with heat loss of LT, MT and Cascade cases on monthly basis.  
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Figure 5.21 Annual network and system exergy efficiency for each case on monthly basis.  
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Table 5.1 Types of district heating systems with some key characteristics. 
 Steam HT MT LT 
Generation 1st 2nd 3rd 4th 
Peak period 1880-1930 1930-1980 1980-2020 2020-2050 
Supply/return 
temperature 
>100°C 120/70°C 90/50°C 60/30°C 
Heat carrier Steam Pressurized hot 
water 
Pressurized hot 
water 
Cold water 
Pipe type In-situ steel pipe In-situ steel pipe Pre-insulated 
steel pipe 
Pre-insulated 
flexible pipe 
Dominant heat 
production 
Coal steam 
boilers 
Coal and oil 
boilers and CHP 
Waste and 
biomass CHP 
and fossil fuel 
boilers 
Waste heat and 
renewables 
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Table 5.2 Case study area building demography and energy use intensity (EUI) coefficients 
by building type in Hirosaki. 
Building type  No. of 
buildings 
Heated area 
[m2] 
Energy use intensity 
[MJ/(m2  year)] 
   Space 
heatinga 
Water 
heatinga 
Residential 
buildings 226 49,416 276 149 
University  3 74,146 269 – 358 8 – 26 
Hospital  1 88,713 744 - 958 170 – 297 
Office building  1 1,953 208 - 380 59 - 118 
Nursery home  1 2,917 93 - 178 12 - 17 
aRange is due to change with different building size range, heat demand usually decreasing with 
larger floor area. 
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Table 5.3 Radiating floor heating system pipeline characteristics. 
Property Variable Value 
Pipe inner diameter Da 0.01934 m 
Pipe outer diameter Do 0.02134 m 
Pipe spacing M 0.2 m 
Heated floor area AFH 75% x Total floor area 
Temperature difference ΔT 10 K 
aSelected pipe of type DN15 (PNS 1/2) as it is most common selection 
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Table 5.4 Radiating floor heating system layer and thermal characteristics. 
Layer Type Thickness 
x [m] 
Thermal 
conductivity 
k [W/mK] 
Thermal 
resistance R 
[m2K/W] or 
[mK/W] 
Thermal 
resistance 
equation 
Cover (residential) Hardwood 0.010 0.105 0.095 x/k 
Cover (non-
residential) 
PVCa tile 0.010 0.14 0.071 x/k 
Panel Concrete 0.075 0.38 0.169 (x - Do/2)/k 
Tube PEX 
DN15 
0.002 0.38 0.041 ln(Do/Di)/2π
k 
Insulation ground 
floor 
- - - 1.5 Assumption 
Insulation floor ≥ 2nd - - - 0.75 Assumption 
aPolyvinyl chloride      
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Table 5.5 Thermal, hydraulic and physical limitations of radiating floor heating system 
compiled from (Danfoss 2009; Uponor 2013). 
Thermal limitations Floor surface temperature < 29°C 
 Water supply temperature < 65°C 
Hydraulic 
limitations 
Pressure drop < 0.25 bar 
 Manifold flow capacity < 8.3x10-4 m3/sec 
Physical limitations Loop length ≤ 100 m 
 Lines per m2 floor area ≤ 1/M 
 Manifold outlets (loop connectors) ≤ 12 
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Table 5.6 Radiator operation setting applied in this study. 
 Radiator type Design supply/return 
temperature 
Operation strategy 
1. Low temperature radiator 55/45 °C Equation ( 5.9 ) 
2. Medium temperature 
radiator 
70/55 °C Equation ( 5.9 ) 
3. Medium temperature 
radiator 
70/55 °C Flow rate variation 
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Table 5.7 Node and edge parameters for the network design and simulation. 
 Edge Node 
Input 
Length Heat demand 
Pipe thermal properties  
Ambient temperature   
Pipe roughness  
Water thermal properties  
Output 
Pipe diameter Supply Temperature 
Flow rate Return Temperature 
 Pressure 
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Table 5.8 Regression coefficients for fuel consumption and electricity generation model. 
 a b d L1 r1 w1 
Fuel 1.62 -0.0315 1.11    
Electricity 0.29 -0.0257 2.29 0.74 0.1315 𝐿I ∙ 𝑄nC,'b,o0, − 𝑄`C 𝑟I 
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Table 5.9 Heat transfer coefficients in [W/m2K] of insulation standards in Aomori prefecture, 
containing the case area, and Denmark. 
 Roof Wall Floor Window/door 
Aomori 0.35 0.49 0.46 2.33 
Denmark 0.2 0.3 0.2 1.8 
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Table 5.10 Daily average heat loss and hydraulic power per month for each case in [MWh/day]. 
  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
LT Heat loss 1.86 1.78 1.57 1.18 1.02 1.00 0.89 0.90 1.01 1.15 1.29 1.59 
 
Hydraulic 
power 0.83 0.77 0.33 0.07 0.03 0.02 0.01 0.01 0.01 0.03 0.08 0.47 
MT Heat loss 2.93 2.84 2.55 1.73 1.17 1.09 1.01 1.00 1.07 1.36 1.93 2.57 
 
Hydraulic 
power 0.10 0.11 0.06 0.02 0.01 0.01 0.01> 0.01> 0.01> 0.01 0.03 0.08 
LTLE Heat loss 1.55 1.51 1.37 1.13 0.98 0.95 0.82 0.83 0.95 1.11 1.18 1.38 
 
Hydraulic 
power 0.34 0.34 0.17 0.06 0.03 0.02 0.01 0.01 0.02 0.03 0.07 0.24 
Cascade Heat loss 0.94 0.92 0.87 0.80 0.74 0.97 0.70 0.77 0.94 0.79 0.82 0.88 
 
Hydraulic 
power 0.25 0.40 0.17 0.05 0.03 0.02 0.02 0.01 0.02 0.03 0.06 0.22 
 
  
206 
 
 
 
 
 
 
 
 
 
 
Table 5.11 Comparison of design and performance parameters for all cases on annual basis; 
network equivalent diameter, network heat loss, auxiliary power demand, generated 
electricity sold to grid, net primary energy source (PES) consumption and network and 
system efficiencies. 
 Equivalent 
diameter 
[m] 
Heat 
loss 
[MWh] 
Auxiliary 
power 
[MWh] 
Sold 
electricity 
[MWh] 
Combustion 
fuel 
consumed 
[MWh] 
PES 
consumed 
[MWh] 
Network 
efficiency 
[%] 
System 
efficiency 
[%] 
ηnet ψnet ηsys ψsys 
LT 0.103 457 80 10,606 61,986 42,863 99.0 46.9 87.9 20.6 
MT 0.102 637 14 8,287 59,340 45,723 98.4 36.8 88.1 17.8 
LTLE 0.077 413 40 5,113 40,227 32,387 98.4 50.4 87.9 16.6 
Cascade 0.119 304 41 8,800 59,579 44,730 99.2 32.5 88.5 18.5 
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6 Geographic information-based MILP model for district 
heating system planning and cost assessment 
6.1 Introduction 
In the midst of the global energy system transition required to solve the challenges that 
the conventional energy system is facing, heat supply subsystems have arguably lacked 
attention from industry and policy makers, considering the large weight of the building 
sector’s total annual energy demand. In the Tohoku region, the northernmost region of 
mainland Japan, this share accounts for 40% and 26% of the building sector’s annual energy 
demand for space heating and water heating, respectively (The Energy Data and Modelling 
Center Japan 2014). The heat load is greatly affected by the insulation level of the building 
envelope, which normally follows country-specific building energy codes. Compared to its 
European counterparts with similar climates, Japan’s building energy codes are considerably 
mild, leading to larger space heating loads (Buildings Performance Institute Europe (BPIE) 
2011; Evans et al. 2009). 
 The current heat supply system paradigm in Japan consists of small scale building- or 
room-based convection heaters, such as kerosene heaters or reversible AC (air conditioning) 
units, and there is little to no integration or synergy between space heating and water heating 
systems (Baldvinsson and Nakata 2014). The heat supply is highly dependent on imported 
fossil fuels and is thermodynamically inefficient because much exergy is wasted to supply a 
space heating demand of only 20°C and a water heating demand of approx. 45°C (Hepbasli 
2012). There is therefore a tremendous potential for transition of the heat supply system 
paradigm in Japan toward increased sustainability and efficiency, which could have positive 
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economic and environmental impacts in terms of saving foreign currency and resulting in the 
integration of local renewable and waste heat sources. 
 District heating systems (DHS) have the potential to address the high fossil fuel 
dependency and thermodynamic inefficiencies of the current heat supply system paradigm of 
Japan. They have proved an effective and economic means to supply heat to densely 
populated areas through their diffusion in Europe (EUROHEAT & POWER 2013). They 
provide fuel flexibility because multiple centralized heat sources can be integrated into the 
distribution network for a secure and stable heat supply. The high investments cost of the 
distribution network pipeline and building heating systems are, at least to some extent, 
compensated for by the synergistic effects of co-supplying space heating and hot water, as 
well as relatively long technical lifetimes. For instance, plastic pipes have an expected 
lifetime of up to 50 years (Korsman et al. 2005).  
 The district heating system concept is further under development, and researchers 
have addressed the main challenges regarding pipeline heat loss and economic viability in 
low heat density areas. Dalla Rosa et al., for example, demonstrated the higher performance 
gained by using twin, double or triple pipes due to the lower heat loss of the heat carrier 
(Dalla Rosa et al. 2011). The supply temperature of the heat carrier also plays a vital role in 
the district heating system performance, both the distribution network and supply sources, in 
which the theoretical benefits of lower supply temperature are plentiful. The improvement 
potential was emphasized in a concept paper by Lund et al., in which the authors described 
the system concept of 4th generation district heating systems, the key attributes of which are: 
a low supply temperature (50 – 60°C); low exergy heat source integration; increased building 
and network compatibility through improved building insulation; and smart integration with 
other energy service supply systems, such as electricity (Lund et al. 2014). DHS therefore 
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have great potential as high performance heat supply systems, but the challenge regarding 
economic feasibility remains, especially in areas with decreasing heat demand density. 
 To assess the cost feasibility of district heating systems, mainly analytical or 
optimization methods have been applied. For cost assessment of the network pipeline, an 
accurate geographical and topological representation of the distribution network structure is 
required. Among analytical studies, Dalla Rosa et al. conducted comprehensive research in 
which they studied the economic impacts of various operations and configuration settings on 
a district heating system (Dalla Rosa et al. 2012). They considered the building installation, 
network pipeline operation and structure, various heat density areas and connectivity rate, 
among other factors. Similarly, Ahmed et al. conducted a techno-economic assessment of a 
district heating system, assessing various technological aspects, such as pipe type, building 
insulation, district type, network length, operating temperatures and building insulation level, 
from an economic perspective (Ahmed and Mancarella 2014). 
 Optimization studies have been based on either operation or economic objectives. Tol 
et al., for example, proposed methodologies for improving the dimensions of piping networks 
(Tol and Svendsen 2012a). Their study presented optimization methodologies that involve 
optimizing an operational aspect of the distribution network. These methods included 
selecting pipe diameters subject to maximizing the available pressure gradient of the pipe 
network considering a single route (toward the critical user) or a multi-route (toward various 
end users) or minimizing the pipeline heat loss. The pipe diameter selection process in the 
proposed methods was continuous. Although it provided an accurate operational simulation 
and offered good insight into the pipe size and operation performance of different network 
types, their study did not provide economic optimality due to a tradeoff between pressure 
drop and heat loss in the pipeline. 
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 In terms of the structural optimization of heat distribution networks, mixed integer 
linear programming (MILP) models are a favorable option due to their flexibility and 
robustness in addressing the trade-offs between system accuracy within the model framework 
and the robustness of the optimization solution method (Omu et al. 2013). The binary 
variable property further allows for selection of the best option of a set of finite discrete 
candidates, such as technology options, defining on and off status, for example, for unit 
dispatch, and defining the existence or non-existence of parameters. Söderman et al. 
formulated a cost minimization MILP model for distributed energy systems providing heat 
and electricity (Söderman and Pettersson 2006). Their study determined the optimal 
configuration of predefined heat and power supply technologies, heat storage and network 
connections for predefined location candidates for each system part. Weber et al. presented 
the DESDOP tool, a MILP optimization model, which minimizes the investment and 
operation costs of the technology mix of a district with the objective of reducing CO2 
emissions (Weber and Shah 2011). The model considers the district heating network but 
accumulates a number of buildings into a single node. The MILP super structure model 
developed by Mehleri et al. serves a similar purpose to that of Weber et al., but it is more 
generalized to smaller districts and allows all nodes to supply heat to the network (Mehleri et 
al. 2012). Haikarainen et al. improved the model of the heat distribution network by 
accounting for pipeline diameter size and its relationships with pressure drop and flow 
velocity, which previous studies had neglected, in their distributed energy system’s structural 
and operational optimization modeling (Haikarainen et al. 2014). With their sole focus on a 
district heating network, Dorfner et al. used a MILP optimization model to assess the viable 
area for a district heating system extension for large scale areas (Dorfner and Hamacher 
2014). The model used annually based experience values to account for heat loss, for 
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example, and it aggregated the heat demand at the edges, thus not accounting for specific 
buildings.  
 District heating systems in Japan are rare and small in size, and little experience exists 
regarding their viability, especially for extensive areas connecting a number of buildings in 
cities and towns. As of 2011, only 81 district heating and cooling (DHC) utilities existed, 
mainly incorporating a few large commercial buildings in metropolitan centers, with the 
largest one in Shinjuku, with a nominal capacity of 8.5 MW for combined heat and power 
(Pales 2013). The lack of district heating diffusion has several causes. Japanese inhabitants 
are accustomed to single-room moveable heat appliances that only heat the closest vicinity, 
rather than total building confined spaces to self-control the heating costs, and they believe 
that it is the most economical approach (Nesheiwat and Cross 2013). Another barrier is the 
high investment capital costs of distribution network pipelines and connections with existing 
buildings, compared to the low utility rates in areas south of the Tohoku region due to their 
long and hot summers and mild winters. Additionally, the majority of cogeneration plants are 
operated by private industry facilities, and due to low revenue margins, they are reluctant to 
export heat and electricity to external markets (Pales 2013). Use of alternative, locally 
available and inexpensive heat sources, such as low temperature geothermal water (less than 
100°C) and waste heat from MSW incineration facilities, is also an untapped source for 
district heating systems in Japan. Strong tourist lobbyism could stand in the way of the 
utilization of geothermal water outside spas and “onsen”, and lack of infrastructure, long 
distances from heat demand markets and lack of know-how are other reasons for the low 
utilization of alternative heat sources. 
 However, DHC systems have been considered in several macroscopic studies 
assessing the environmental and performance impacts of energy transition on the urban 
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environment in Japan. Mori et al. studied potential CO2 reduction in Japan by developing a 
GIS-based optimal technology dispatch model, finding the optimal technology mix among 
cogeneration systems, DHC and heat pumps (Mori et al. 2007). Their results estimated a 
potential 18.6% CO2 emissions reduction from urban building areas all over Japan. In their 
earlier study, Mori et al. also found that DHC was the most affordable option for achieving 
CO2 emissions reduction, considering only a single technology option, i.e., not a technology 
mix option (Mori et al. 2006). Ishii et al. conducted an analysis of the energy and GHG 
reduction impacts of PV and cogeneration systems with DHC network implementation, 
comparing the different urban forms of a Japanese case city (Ishii et al. 2010). Potential 
locations for DHC systems were limited to districts with heat loads exceeding 1.55 GJ/h and 
building floor area-to-land area ratios of 0.09 and higher. The results showed that 
cogeneration with DHC systems could play a major role in achieving energy savings of 
27.6% by 2030 for medium density-averaged urban forms. Baldvinsson et al. also 
demonstrated the thermoeconomic benefits of implementing district heating systems for a 
case city in North Japan, compared to the current kerosene-based heat supply paradigm 
(Baldvinsson and Nakata 2014).  
 The need for more detailed and thorough district heating system feasibility 
investigations in Japan is apparent. Furthermore, the literature on MILP-based urban energy 
system models has lacked more accurate presentations of district heating networks for 
medium to large scale areas, in terms of geographical and pipe-specific operational attributes. 
This paper addresses these shortcomings and attempts to provide a more accurate cost 
assessment of district heating distribution networks.  
 The purpose of this paper is to provide a model for the cost assessment of a district 
heating system and to shed light on the economic viability of a district heating system in an 
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existing city district in Northern Japan. A multi-period, deterministic, mixed integer linear 
programming model is proposed that is integrated with geographical information for a cost-
optimal topological structure and for the size of a district heating system, along with the size 
and mix of district heating heat plants. The model furthermore allows for customized 
selection of the type and location of supply sources. This work contributes to the 
geographical representation of the study area, considering accurate geographical features, 
such as distances, constraints and specific network layout preferences. Another contribution 
is the consideration of pressure and heat losses, which are specifically calculated according to 
the pipe segment selection, rather than relying on empirical values. This difference allows the 
user to assess different operation strategies in terms of temperature and mass flow in the cost 
assessment. The potential of the model is demonstrated through simple case study application 
for a district in Hirosaki city, located in the Aomori prefecture in the northernmost part of 
Honshu, mainland Japan. The model is run with geographical information modified and 
extracted from the ArcGIS geographical information system (GIS). 
 The methodology is presented in next chapter, which is divided into the problem 
description, network presentation, optimization model data input and assumptions and the 
formulation of the optimization model. Then, the “Results and discussion” chapter opens with 
the presentation of the case study providing an area description, demand analysis and locally 
available resource assessment. The results of the optimization model are then presented in a 
subchapter, and the Results chapter ends by providing the results, summary and discussion. 
Finally, key conclusions are presented, and future work is discussed. 
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6.2 Methodology 
6.2.1 Problem description 
 The built environment requires a sufficient level of thermal comfort of the indoor 
space and water to meet people’s modern daily requirements. The challenge for city planners 
and municipalities is to determine how to provide these comfort levels at an acceptable 
economic, environmental and social cost. This paper proposes a model for assessing the 
economic viability of a district heating system for a chosen district. It finds the optimal 
structure of the distribution pipeline network, the pipe size and pipe flow and operation in 
terms of thermal source dispatch subject to geographical and technological constraints, while 
minimizing the annualized system investment and operational costs and ensuring that annual 
space heating and water heating demands are met.  
 The model bases its design on a network layout, providing an accurate representation 
of a district network structure, obtained from ArcGIS. The user selects eligible buildings to 
be connected to the network as consumers and location candidates for centralized heat 
sources. The selection of heat sources is location-specific, depending on locally available heat 
sources, which could include, for example, combined heat and power plants (CHPs) and heat-
only boilers (HOBs). Due to the capacity and operation limitations of CHPs and HOBs, a mix 
of technologies might yield cost optimality.  
 Another dimension to this problem is the temperature level of the water supply to the 
network. Although studies have shown that low temperature operation leads to favorable 
network performance, the increased flow rate requirement might require a larger pipe 
diameter and pump power requirement. However, many conversion technology operations 
benefit from lower supply temperatures (Dalla Rosa et al. 2012). 
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6.2.2 Distribution network representation 
The case district is presented as a network of nodes and edges derived from an accurate 
street network and from building geometry and geographical layouts. The geography of the 
case district was prepared and obtained from ArcGIS using network analysis and a shortest 
path algorithm to create a pipeline network superstructure and topology, including building 
connections. This process yielded the shortest network possible connecting all buildings of 
interest within the case district. Following Dorfner et al. (Dorfner and Hamacher 2014), N is a 
set of nodes ni, where each node corresponds to a junction, a heat source and/or a connection 
of the network to a building. E is a set of edges ei, j, which presents a link between nodes ni 
and nj, and i ≠ j and is symmetric. Supply nodes are defined as subset of set N, SN Í N, which 
contains predefined candidate nodes of potential district heat sources. The model parameters 
and variables correspond to either ei, j or ni. 
6.2.3 Model requirements and assumptions 
The optimization model requires exogenous location-specific data that can be customized 
according to the user’s needs. The main data are listed as follows: 
• Network data: Geographic/topology data for street networks to generate the 
distribution network; 
• Building data: Geographic data for buildings to allocate the heat load within the 
network topology, as well as data on building types and floor areas for demand 
analysis; 
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• Demand data: Location-specific demand profiles or load factors for different building 
types, along with building energy use intensity coefficients and outdoor temperature 
profiles; 
• Resource data: Locally available resources and their locations, amounts and 
processing costs; 
• Technology data: Includes thermal efficiency, availability factors, and upper and 
lower limits of thermal plants, as well as heat-to-electricity ratios of CHP plants and 
technological data for a finite number of pipeline types; 
• Cost data: Data on investment costs and operation and maintenance costs for 
technology candidates and local utility tariffs; and 
• Regulations: Any relevant government-supported incentive schemes or regulations, 
such as FITs (feet in tariffs), green certificates or carbon cap and trade systems. 
 
 To create a MILP model, the non-linear and stochastic reality must be simplified and 
adjusted to the model scope and purpose. The main assumptions for this model are in 
accordance with other structural optimization studies in the literature (Haikarainen et al. 
2014; Mehleri et al. 2012; Wouters et al. 2015). 
• The district heat network is tree shaped. 
• The network has one pump station located at the central heat plant. 
• The return and supply lines are considered identical in length and shape. 
• Elevation differences in the landscape are ignored when calculating the network 
pressure loss. 
• Centralized heat plants have constant efficiencies and do not consider the levels of 
network supply and return temperatures or part load operation. In reality, the supply 
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temperature might affect the electricity production potential of CHP plants, and return 
temperature affects the condensation potential of heat plants. 
• Buildings are assumed to have compatible substations and heating systems installed. 
6.2.4 Optimization model 
 The optimization model consists of an annualized cost minimization function as an 
objective function bound by the operational and design constraints of the network and by the 
available technologies and energy balances. The model is formulated in GAMS as an MILP 
problem and is solved using the CPLEX solver. The model is built on previous work in the 
field of district energy system superstructure models by Haikarainen et al. (Haikarainen et al. 
2014), Dorfner et al. (Dorfner and Hamacher 2014) and Mehleri et al. (Mehleri et al. 2012). 
Variables are denoted by capital letters and parameters, are denoted by lower-case, italic 
letters for differentiation purposes. 
6.2.4.1 Objective function 
 The objective function is to minimize the total system cost, consisting of the 
investment cost of the network and technologies and operation and management costs, as 
well as resource costs minus the electric power sold to the grid from the CHP plant. The 
capital recovery factor (a) is used to annualize the present value of the investment cost over 
the given economic lifetime of the investment. 
 
min Z = IC¼:¼6 + IC¼7½@A + OMC¼7½@A + CÀÁ67 + C¼ÁÂ¼ − C567789:; ( 6.1 ) 
 
The investment costs of the pipe network and heat plants are defined in equations ( 6.2 ) 
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and ( 6.3 ). The network cost ICpipe consists of the pipeline cost and civil cost required for 
pipeline installation denoted by ccivil, with l as the length between adjacent nodes i and j. The 
cost of the pipeline is a non-convex function of the pipe diameter and thus is difficult to 
model mathematically as a continuous function. The model addresses this issue by 
introducing a mixed integer variable for selecting the pipe diameter, Di, j, r, with the pipe 
candidates represented by subscript r. The pipe cost becomes a discrete function of the pipe 
diameter, where the cost parameter, cpipe, r, representing real pipe cost, depends on the pipe 
diameter selection, defined by Di, j, r. Equations ( 6.2 ) and ( 6.5 ) are multiplied by a factor of 
two to account for the supply and return lines. The investment capital cost of heating plants 
ICplant has a capacity dependent cost factor ctec, t and a fixed cost that is independent of 
technology capacity 𝑐'(),'*+, . The binary variable B indicates whether a heat plant of type t 
exists or not at node i. 
 
IC¼:¼6 = 2𝛼 𝑙+,±D:,Å,9(𝑐3+3(,^ + 𝑐)++.)^(Æ,Ç  ( 6.2 ) 
IC¼7½@A = 𝛼 (S>?,:,A'+ 𝑐'(),' + B:,A𝑐'(),'*+, )	 ( 6.3 ) 
 
The annual operation and management costs of centralized heat technologies defined 
in Equation ( 6.4 ) have two factors: variable part omcvar depending on operation; and fixed 
part omcfix depending on plant capacity. Cpump is the annual cost of electricity required for the 
distribution of network pumping power, and Cfuel is the annual cost of fuel consumed by 
technology t. cel and cfuel denote the electricity- and technology-dependent fuel costs, 
respectively. C567789:; is the power generated by the CHP plants and sold to the grid at a price of 
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celSal. 𝜏3 denotes the number of hours in period p. 
 
OMC¼7½@A = Q>?,:,¼,A 𝜂'b,' 𝑜𝑚𝑐0^,'𝜏3 + S>?,:,A𝑜𝑚𝑐*+,,'3'+  ( 6.4 ) 
C¼ÁÂ¼ = 2 𝑙+,±P:,Å,¼¼ÁÂ¼𝑐(.𝜏33(Æ,Ç  ( 6.5 ) 
CÀÁ67 = Q>?,:,¼,A 𝜂'b,' 𝑐*X(.,'𝜏33'+  ( 6.6 ) 
C567789:; = P>?,:,¼,A𝑐(.B0.,'𝜏33'+  ( 6.7 ) 
 
6.2.4.2 Constraints 
Energy Conservation 
 The heat balance at each node in the distribution network is ensured through the 
following equation. The heat supplied at each node must exceed the heat demand and heat 
sent to downstream nodes, as well as heat loss in upstream pipes, either in the form of heat 
transfer from upstream nodes or from a centralized heat source if the node is a supply node 
candidate. Q@6A is the heat transferred to the network from the heat source, 𝑞./01 is the heat 
load of each consumer, and H is the transfer of heat within the network. The integer variable 
D is used to select the appropriate value of the heat loss parameter, qloss. 
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HÅ,:,¼ − H:,Å,¼± − 𝑙±,+𝑞./NN,3,^DÅ,:,9^± + Q@6A,:,¼ ≥ 𝑞./01,+,3			∀𝑖, 𝑝 ( 6.8 ) 
 
The heat loss, qloss, is a length-based parameter that depends on the temperature difference 
between the average flow in pipe and ambient temperatures, and the pipe thermal resistance 
depends on pipe diameter selection r.  
 
𝑞./NN,3,^ = 𝜃3+3(,0( − 𝜃/,3 𝜉3^+3( ( 6.9 ) 
 
To ensure that the heat transferred to the network matches the total heat load of consumers 
and the heat loss of the pipeline, the following constraint is applied. 
 
Q@6A,:,¼+ = 𝑞./01,+,3+ + 𝑙+,±𝑞./NN,3,^D:,Å,9^+,± 			∀𝑝 ( 6.10 ) 
 
Pipeline network structure 
 Heat transfer in the pipeline is ensured to occur only in edges where a pipeline exists, 
using the following equation. The binary variable Xi, j is used to specify whether a pipe exists 
in edge ei, j or not. To maintain the linearity of the equation, the big M theory is used, where 
Ms is any sufficiently large number. 
 
H:,Å,¼3 − 𝑀NX:,Å ≤ 0			∀𝑖, 𝑗 ( 6.11 ) 
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Equation ( 6.12 ) further ensures that a pipeline can only go in one direction to provide the 
proper direction of heat transfer in the pipe network. Equation ( 6.13 ) states that a pipe can 
only exist in edges allowed by neti, j, which is a binary adjacency matrix, where 1 indicates a 
possible connection between adjacent nodes, representing the accurate geographical topology 
of the district. To maintain the tree structure of the network, Equation ( 6.14 ) ensures that 
only one upstream node exists for each node. 
 
X:,Å + XÅ,: ≤ 1			∀𝑖, 𝑗 ( 6.12 ) 
X:,Å ≤ 𝑛𝑒𝑡+,±			∀𝑖, 𝑗 ( 6.13 ) 
XÅ,:± ≤ 1			∀𝑖 ( 6.14 ) 
 
In edges where the pipeline does exist, a pipe diameter must be assigned, which is 
accomplished using the following equation, where the binary variable D is used for selecting 
the pipe diameter of the finite number of pipeline candidates. 
 
D:,Å,9^ = X:,Å			∀𝑖, 𝑗 ( 6.15 ) 
 
Network operation 
 The non-linear and implicit relationship among pressure loss, pipe diameter and flow 
velocity (or flow rate) has been a challenging task to solve for modelers of these types of 
MILP deterministic problems, and it has often been neglected in the pipeline design phase. 
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However, because the pipeline diameter restricts flow of the heat carrier in the pipeline and 
defines the required pump power, capturing this relationship is important, and it is achieved 
by linearizing the pumping power as a function of pipe velocity for each pipe candidate 
(Haikarainen et al. 2014). The velocity in each pipe segment depends on the pipe diameter 
and heat transfer as follows: 
 
V:,Å,¼ ≥ 4H:,Å,¼𝜋𝜌𝑐3∆𝜃𝑑^ − 𝑀 1 − D:,Å,9 			∀𝑖, 𝑗, 𝑝, 𝑟 ( 6.16 ) 
 
d is the pipe diameter length, and ρ, cp and Δθ denote the heat carrier density, specific heat 
and temperature difference in the network, respectively. The velocity in the pipeline can at no 
point exceed the maximum allowable pipe velocity, which is selected based on pipe material 
and allowable pressure loss. These factors are formulated in the following equation, where Mv 
is a sufficiently large number. 
 
V:,Å,¼ ≤ 𝑣o0, + 𝑀 1 − D:,Å,9 			∀𝑖, 𝑗, 𝑝, 𝑟 ( 6.17 ) 
 
The pump power is then calculated using a linearization coefficient, which overestimates the 
required pump power of a pipeline as a function of the pipe flow velocity. The linearization 
coefficient, kr, is defined for each pipeline candidate, r, by calculating the required pump 
power on the basis of length, using the Darcy-Weisbach equation, Reynolds number, and 
friction factor relationship, which can be found in the literature (Bejan et al. 1996). 
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P:,Å,¼¼ÁÂ¼ ≥ 𝑘^V:,Å,¼ − 𝑀3Xo3 1 − D:,Å,9 			∀𝑖, 𝑗, 𝑝, 𝑟 ( 6.18 ) 
 
District heating plants 
 The district heating technology candidates and their potential locations depend on 
location-specific characteristics and are defined exogenously, according to user interests. The 
model adopts a generalized formulation that can, however, become more detailed for specific 
technologies if needed. Heating plant existence is defined by the following equation, where 
Bi, t is the binary variable selecting the technology type and its location. The locations of 
district heating plants are further limited to user-defined location candidates, defined by the 
binary parameter yi in Equation ( 6.20 ). 
 
Q@6A,:,¼3 ≤ B:,A𝑀N' 			∀𝑖 ( 6.19 ) 
B:,A ≤ 𝑦+			∀𝑖, 𝑡 ( 6.20 ) 
 
The three dimensional continuous variable Q>? defines the heat production by the district heat 
plant, and all of the heat generated at district heat plants is ensured to be transferred to the 
distribution network, formulated as follows. 
 
Q@6A,:,¼ = Q>?,:,¼,A' 			∀𝑖, 𝑝 ( 6.21 ) 
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The rated capacity of each technology, Sch, is defined using the thermal efficiency of the 
technology in such a manner that i must be larger than the rated heat capacity at any time, 
according to Equation ( 6.22 ). The central heat source capacity is then bounded by an 
appropriate upper value, reflecting either the technology unit capacity or the resource 
capacity, and a lower value, reflecting the lower technological capacity if any. The capacity 
bounds are activated by the technology existence variable B, as Equations ( 6.23 ) and ( 6.24 ) 
demonstrate. 
 
Q>?,:,¼,A𝜂'b,' ≤ S>?,:,A		∀𝑖, 𝑝, 𝑡 ( 6.22 ) 
S>?,:,A ≤ B:,A𝑢𝑐'		∀𝑖, 𝑡 ( 6.23 ) 
S>?,:,A ≥ B:,A𝑙𝑐'		∀𝑖, 𝑡 ( 6.24 ) 
 
If the district heating plant is a CHP plant, it generates electricity that is sold to the grid. The 
amount of electricity generated during each period is calculated using the technology-specific 
power-to-heat ratio, phr, according to Equation ( 6.25 ). 
 
P>?,:,¼,A ≤ Q>?,:,¼,A𝑝ℎ𝑟'		∀𝑖, 𝑝, 𝑡 ( 6.25 ) 
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6.3 Results and Discussion 
6.3.1 Case study application 
 Hirosaki city in Aomori prefecture, located in the northernmost part of Honshu, which 
is the mainland of Japan, has begun a project involving the implementation of an alternative 
and more independent and sustainable smart energy system. Due to its cold and snow-heavy 
winters, with annual snowfall of approximately 700 cm in 2014, the city is especially 
interested in strengthening its heat supply infrastructure, which it is currently lacking. 
Therefore, the municipality office wants to base the system development on heat 
prioritization, and the idea has arisen to implement a district heating system at the city center, 
which the area with the highest heat demand density. The district of interest is demonstrated 
as the colored buildings in Figure 6.1. From the selected area, the municipality has chosen 17 
buildings, including hotels, hospitals and other healthcare facilities and large commercial 
buildings, which are considered in this case study, for the initial installation phase. 
6.3.2 Demand Analysis 
 The demand model is based on various data compiled to generate hourly space 
heating and water heating demand profiles for each building. Annual location-specific energy 
use intensity (EUI) coefficients are calibrated from an extensive data survey of energy 
consumption in Japanese buildings, depending on building size, typology and location, 
yielding annual demand per square meter per building type (Japan Sustainable Building 
Consortium 2013). The dynamic, behavior-based, building-specific heat load pattern is 
accounted for by applying Japan-specific hourly and monthly demand profiles for different 
building types and services (Japan District Heating & Cooling Association 2013). 
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Information on building type and total floor area is obtained from GIS. The EUI coefficients 
for space heating are further normalized according to outdoor temperature profiles assuming 
static indoor temperatures of 20°C and a heating threshold of 16°C. 
 The demand curve must be simplified to perform the optimization because the 8760 
time instances render the model’s execution impractical. For simplification, the total heat 
load duration curve of the district, consisting of the space heating and hot water load, is 
divided into 10 bins of equal length at the load axis, as Figure 6.2 demonstrates. This 
approach has been used by other researchers, such as Keppo et al. (Keppo and Savola 2007). 
Each bin represents a single period over which the optimization is executed. The duration of 
each period is based on the number of hourly occurrences within each bin, weighting each 
period to estimate cost functions on an annual basis. A load factor is calculated for each 
period and is used to estimate the individual buildings’ heat load during a given period. The 
total district heat load, duration, corresponding average outdoor temperature and load factor 
for each period are listed in Table 6.1. 
6.3.3 Heating technologies 
 The current plan for the district heat source for the district heating system in Hirosaki 
involves the utilization of natural gas-based plants. However, Hirosaki has several locally 
available heat source options that were assessed by the authors of an earlier study 
(Baldvinsson and Nakata 2014). Here, we consider the use of waste wood biomass in chip 
form, waste heat from municipal solid waste (MSW) incineration plants and heat from a 
geothermal reservoir. The waste wood comes from the pruning and trimming of apple trees 
and waste wood for an annual amount of 88,684 tons, which results in energy yield of 
217,695 MWh, assuming a heating value of 13.7 GJ/t on dry weight basis. The waste 
227 
 
incineration plant is located approximately 3 km north of the case target area, and it 
incinerates local waste and sewage sludge, providing flue gas containing thermal power of 
approx. 21 MW.  
 The focus of this study is on the heat supply to the built environment, and it does not 
consider electricity demand profiles. However, due to the favorable nature of combined heat 
and power (CHP) plants in terms of exergy utilization and income from electricity sales, we 
consider both heat-only boilers (HOBs) and CHP plants for eligible resource options. The 
technology options for the corresponding resources are listed in Table 6.2 among the 
performance parameters. For the biomass and MSW sources, we select a direct firing steam 
turbine rankine cycle as the general form of CHP plant because it has greater thermal 
efficiency than other cogeneration technologies, it is suitable for a medium-size range (5 – 50 
MWth), and it has been commercially proved (Salomón et al. 2011). The MSW incineration 
plant is assumed to be integrated with the CHP plant, similar to the study by Poma et al. 
(Poma et al. 2010). Geothermal heat is extracted in the form of water from the Shimoyu 
geothermal field, the feasibility of which was studied in detail by the New Energy and 
Industrial Technology Development Organization (NEDO) in Japan (Mitsubishi Materials 
Techno 2011), approximately 23 km distant from the case district. Based on the Shimoyu 
geothermal model from Mitsubishi Materials Techno, we assume two wells of 800 m each 
being drilled into the shallow aquifer to reach water of 110°C, with a production rate of 128 
kg/s via use of in-depth well pumps. We refer to (Baldvinsson and Nakata 2014) for more 
detailed information on the geothermal model characteristics and assumptions. The thermal 
power at the heat exchanger is 29 MWth, and a transmission pipeline 30 km in length is 
required to deliver it to the case district. For the gas CHP plant, we assume a single cycle gas 
turbine to maintain sufficiently high thermal efficiency. 
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 The heat plants listed in Table 6.2 can provide stable heat without any intermittency, 
and they can also operate at partial load, with the CHP plants down to 30 – 50% of the 
nominal capacity (Savola and Keppo 2005); thus, the consideration of a heat storage tank is 
deemed unnecessary here. Haikairainen et al. also found that a implementing heat storage 
tank with a large-scale district heating system and a stable heat source was not propitious for 
their case study (Haikarainen et al. 2014). Some studies have investigated the inclusion of hot 
water storage tanks at the building substation, yielding promising results due to the smaller 
branch pipe diameter (Dalla Rosa et al. 2012). The building substation configuration is, 
however, beyond the scope of this study. 
 Cost parameters for the technologies are listed in Table 6.3 and are mainly based on 
extensive surveys of energy technology costs by Energynet.dk (Energinet.dk 2012). These 
cost parameters only apply to the medium scale range of each technology. Instances in which 
only fixed O&M costs or only variable O&M costs are listed include the total annual O&M 
cost. The cost assessment of the geothermal source is, however, based on detailed cost 
assessment of Mitsubishi materials and further assessments performed by previous authors 
(Baldvinsson and Nakata 2014; Mitsubishi Materials Techno 2011). The assessment consists 
of plant capacity-dependent costs including, for example, heat exchangers and pipelines, as 
well as a required fixed cost, irrespective of the geothermal plant capacity including 
excavation, well drilling, etc. The economic lifetime of the project is assumed to be 25 years 
and the expected interest is set at 6%. 
6.3.4 Optimization results 
 The model was applied on the defined case area, consisting of 26 nodes and 25 edges, 
under two design scenarios: one that only considers the use of gas-based technology (Gas 
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scenario) and another that includes the locally available renewable sources and waste heat 
(RES scenario). The cost structure and rated capacity of the district heating plants are 
demonstrated in Table 6.4 for each scenario, based on the optimization results. The total 
investment cost of the plants is considerably higher than the distribution network cost: 83.4 
106JPY and 130 106JPY, compared to 20.7 106JPY for the gas and RES scenarios, 
respectively. However, the dominant cost factor is the annual fuel cost of 425.6 106JPY in the 
gas scenario and 184.7 106JPY in the RES scenario. The unit price of the gas is assumed to be 
the unit price of city gas to industry of 6.15 JPY/kWh. Due to small market of biomass chips 
in Japan, there is no useful measure of the market price of biomass chips, and it is likely to be 
location-dependent. Here, it is assumed to be equal to the market price of wood chips for the 
paper and pulp industry of Japan of 12,000 JPY/ton with energy density of 4.20 kWh/kg (at 
35% moisture content), resulting in a unit price of 4 JPY/kWh (Fujitsu Research Institute 
2010). The cost of electricity from the grid due to pumping is comparatively small at 7.1 
106JPY. For MSW plants and geothermal utilization, the fuel cost is 0 JPY, which does not 
however justify its investment over the economic lifetime of the project. 
 CHP technology is only selected in the gas scenario but at a low baseload capacity of 
5 MW. This scenario indicates that the demand of the case area is insufficient to justify the 
additional investment costs of CHP plants, even due to the FIT scheme for the biomass and 
MSW CHP plants. This outcome is partly due to heat supply being a priority, with electricity 
generation as a by-product, and heat generation is limited to the demand of the distribution 
network. Figure 6.3 shows the thermal power supply at each period for both scenarios. In the 
gas scenario, the single cycle gas turbine acts as the base load supplier as expected, and in the 
RES scenario, the biomass boiler is the base load supplier, limited only by the annual locally 
available wood biomass. To obtain the total energy supplied at each period, the thermal 
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power output is multiplied by the period duration. 
 Figure 6.4 shows the network layout and pipe diameter of the distribution network 
supplying heat to the 17 buildings considered in the case study. The commercially available 
pipe types that we considered in this study are of PEX type; they come from the Japanese 
manufacturer MESCO and are listed in Table 6.5, showing pipe diameter, total thermal 
resistance of the pipe (assuming 0.6 m below the surface of the pipe center) and pipe cost per 
meter (MESCO 2014). The same type of network structure applies to both scenarios. Supply 
and return temperatures at the heat plant are assumed to be 80°C and 40°C, respectively, 
corresponding to a conventional medium temperature level. The maximum allowed flow 
velocity is assumed to be 2.5 m/sec, limiting the pressure in the system to reasonable level. 
The equivalent diameter of the network is 0.093 m, and the total trench length of the 
distribution network is 4.1 km. The resulting linear heat density (annual sold heat of the 
network divided by the total trench length) is 2.34 MWh/(m year). Dalla Rosa et al. found 
that, for example, the district heating system is likely to become economically competitive at 
a linear heat density of at least 3 MWh/(m year) in the case of Vancouver, Canada (Dalla 
Rosa et al. 2012). It is evident that, under this scenario, the network is bypassing multiple 
buildings, and increasing the connectivity rate to the network could easily increase the linear 
heat density of the network.  
 The input data is bound to different level of uncertainty that may affect the results of 
the optimization. The data type that arguably suffers from the biggest uncertainty and may 
vary on day-to-day basis are the energy utility tariffs. In order to gain insight into the impact 
of fuel cost and electricity selling price may have on the model results, a sensitivity analysis 
was carried out. It also has the benefit of demonstrating the robustness of the model. The 
results of the sensitivity analysis is demonstrated in Figure 6.5. Due to large share of wood 
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chip heat plant the results are most sensitive the change in price of wood chip. Also with 
rising wood chip price the capacity of the wood chip HOB decreases on the cost of natural 
gas HOB. The cost change of natural gas has only small impact on the annualized total 
system cost due to low share of natural gas consumption over the year. The plant capacity of 
gas HOB increases with decreasing gas price but the biomass HOB is still of larger capacity. 
The opposite does also occur with rising gas price but the effect on reduction of gas HOB 
capacity is not as strong. The graph shows also that generation of electricity does not become 
profitable until at 30% increase of the electricity spot price (selling price), with the model 
adding biomass CHP plant to the optimal solution. 
6.3.5 Cost implications of network flow temperatures 
 To assess the impact of supply and return temperatures on the pipe size and 
distribution network operation, the RES case was executed at low temperature distribution 
network operation, with supply and return temperatures at the heat plant of 60°C and 30°C, 
respectively. In fact, the heat plants require return temperatures of approximately 30°C to 
condensate successfully the moisture of the flue gas; thus, the central heating plants models 
should ideally consider the supply and return temperature levels (Chen et al. 2012). Table 6.6 
compares the distribution network heat loss and network hydraulic energy from pump for low 
temperature and medium temperature operation for each period. At low temperature 
operation, the network cost becomes 24.8 106JPY with an equivalent diameter of 0.108 m, 
compared to 20.7 106JPY and 0.093 m, respectively, at medium temperature operation. The 
cost for pumping power also increases to 7.8 106JPY from 7.1 106JPY at medium temperature 
operation. Due to the lower heat loss in the network at low temperature operation, however, 
the fuel consumption decreases, and the total fuel cost becomes 183.8 106JPY, compared to 
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184.7 106JPY in the case of medium temperature operation, which is however insufficient to 
compensate for the higher distribution network cost and pump cost. Furthermore, the lower 
temperature might require buildings to use either radiating floor heating or to increase the 
surface area of radiators, further increasing the cost load of the building owner.  
6.3.6 Discussion and summary 
 To examine the results from a wider perspective, we compare some of its features to 
the existing heating system in the case area, referred to as a conventional system. Buildings in 
Hirosaki city mainly receive their heat through small-scale building-based convective heating 
units and HOBs. Figure 6.6 shows the flow diagram of the simplified heat supply system of 
all of Hirosaki (adopted from (Baldvinsson and Nakata 2014)). A system cost calculation is 
performed in the same fashion as for the district heating system, with the resource and 
technology shares (demonstrated by Figure 6.6) scaled down to the case area using an 
expected interest rate of 6%. The only cost factors are the capital cost of the heating units 
(including installation cost) and the fuel cost over the annual operation. The investment of 
each technology is repeated to match the economic lifetime of 25 years. Technological data 
for the cost calculation and capital investment and fuel costs of each technology are depicted 
in Table 6.7. In the conventional system, each building purchases fuel at a retail price; 
kerosene 9.6 JPY/kWh; LPG 24.9 JPY/kWh; city gas 13.1 JPY/kWh; and grid electricity 22.3 
JPY/kWh. The total annualized cost of the conventional system is approximately 666 106JPY, 
which is considerably higher than the total cost of both the gas and RES district heating 
system cases. The investment capital cost of the distribution network and heat plants for the 
RES case are, for example, 33% lower than the investment cost of the conventional system 
technology over the economic lifetime, and the annual fuel cost is approximately 60% less 
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for the DHS heat plants, indicating considerable economic favorability of the district heating 
system over the conventional system. 
 Primary energy factors (PEFs) are used to compare the primary energy consumption 
of the conventional system and the district heating system. Based on the literature, we assume 
that fossil fuels have primary energy factors of 1.1, and electricity in the Japanese grid has a 
primary energy factor of 2.6 (Baldvinsson and Nakata 2014; Schmidt 2004b). The “total 
primary energy factor” approach is selected, in which renewables and waste heat have factors 
of 1, compared to the “non-renewable primary energy factor” approach, in which renewables 
are considered to have factors of 0, emphasizing the weight of renewable energy sources. 
Wood chips from logging residues have a PEF value of 1.03. The total primary energy 
consumption for the conventional heating system of the case area becomes 49.4 GWh/year, 
and the total CO2 emissions are 11,460 tons of CO2/year (only including emissions from 
direct combustion). The net primary energy consumption of the district heating system is 43.1 
GWh/year and 48.1 GWh/year for the gas and RES cases, respectively. The gas case benefits 
from power generation because it is assumed to substitute grid-based thermal power plant 
generation capacity of an equal magnitude. Furthermore, the total annual CO2 emissions are 
8,433 tons of CO2/year and 648 tons of CO2/year for the respective cases. The main 
comparison between the current heat supply system and district heating system cases is listed 
in Table 6.8. The results indicate that the DHS is more sustainable in terms of primary energy 
consumption and might also lead to substantial CO2 emissions reduction, while utilizing 
available renewable sources. The use of a cogeneration system, as in the gas case, also leads 
to considerable primary energy savings and CO2 emissions reductions accordingly. Although 
not economical in the RES case, the use of cogeneration systems should be encouraged for 
socio-economic benefits. 
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 Comparing the results of this study case area to countries with considerable diffusion 
and experience with DHS, such as Sweden and Denmark, with 61% and 48% of all citizens 
served by DHS, respectively, reveals further information about the potential feasibility of 
district heating systems in Japan. For example, the benchmark for the breakeven point of 
district heating systems in Denmark is 0.2 MWh/(m year) (Zinko 2008). This value is much 
lower than the linear heat density of the case district of 2.34 MWh/(m year), indicating the 
cost feasibility of the district heating system at a full connection rate. Based on the empirical 
study by Persson et al., the average pipe diameter of district heating systems in Sweden with 
same linear heat density as the case study is 0.172 m (Persson and Werner 2011). It is 
considerably larger than the weighted average diameter of 0.093 m of the case study, 
assuming MT operation and thus indicating a comparatively lower distribution capital cost 
for the case study presented here. It should be noted, however, that the design of the pipeline 
does not consider the increased rate of building connection or network extension, which 
would require increased heat transfer capacity of the network. 
Figure 6.7 compares the unit cost of district heating of the optimization results to the 
average unit cost of district heating of European countries, as well as Japan, S-Korea and the 
results of Dalla Rosa et al (Dalla Rosa et al. 2012; EUROHEAT & POWER 2013). The cost 
is plotted against the linear heat density of each case and the general rule of thumb is that 
with higher linear heat density, the unit cost of delivered heat decreases. The resulting unit 
district heating cost of the model application on Hirosaki city falls well within the cluster of 
the European countries indicating robustness of the model and reliability of results. Japan and 
Korea are clear outliers, with S-Korea having superior linear heat density and the district heat 
unit cost substantially higher in case of Japan. This is most likely as the district heating 
systems of Japan and S-Korea generally follow different structure than of the European ones, 
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supplying few densely located skyscrapers.  
Comparison with benchmark values of countries with extensive experience with district 
heating systems indicates that diffusion of district heating systems in Northern Japan might 
be a very viable option. The implementation of heat distribution networks for commercial and 
residential use might further increase the penetration of CHP plants. However, the installed 
capacity of CHP is 9.5 GW, which is 3.5% of national electricity generation, of which only 
0.32 GWe supplies heat for district heating and cooling networks (Pales 2013). For 
comparison, the share of CHP in national electricity generation in Denmark and Sweden is 
63% and 11%, respectively (EUROHEAT & POWER 2013). The increased number of heat 
distribution networks would fit well with the plans of METI (Ministry of Economy, Trade 
and Industry), the roadmap of which is to increase the electricity generation of CHP plants by 
five-fold by 2030 (Pales 2013). 
 The MILP cost minimization model is limited to the cost of the supply side and the 
distribution network and thus does not consider the cost of the building installation, including 
substations, heat radiation systems and building piping. In general, Japanese buildings do not 
have internal distribution systems of hot water for space heating and therefore would require 
additional capital costs for their installation, which usually accounts for approximately 15% 
to 30% of the distribution network investment cost (Korsman et al. 2005). This cost however 
is the responsibility of the building owner, while the energy service company or municipality 
is responsible for the network and heat supply subsystems’ costs. The lack of infrastructure 
within buildings is a major challenge for the implementation of district heating systems, and 
it requires further research to engineer a feasible solution for pipe and substation installation 
in existing buildings in Japan. The model also does not directly consider socio-economic 
aspects, such as greenhouse gas emissions reduction and sustainability. These factors can, 
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however, be managed exogenously through design scenarios and comparative post analyses 
of the district heating system, as performed here.  
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6.4 Conclusions 
 This paper presents a geographical information-based, MILP deterministic 
superstructure model for district heating system design. The model uses geographical data to 
generate a cost-optimal distribution network structure and pipe size for a specified district. 
The model furthermore provides the optimal dispatch of centralized heating technologies 
selected according to location-specific resource attributes and availability. This model is very 
useful for assessing and comparing the technical attributes of system components, such as 
comparison of pipe types and assessing system planning aspects, including network extension 
and building connectivity rates. The model is applied to a simple case study of Hirosaki city 
in Aomori prefecture, the northernmost prefecture of mainland Japan, including 17 
commercial buildings in the city center, based on the distribution network implementation 
plans of the local municipality. 
• Two design cases are examined, comparing the utilization of natural gas only and 
locally available renewable and waste heat (RES case). The RES case has a total 
system cost of approximately 20% less than the gas case, using wood chip-based 
HOB. 
• The low heat load of the case district and relatively steep decrease in the heat load 
duration curve makes the use of CHP plants not an economically favorable option. 
The gas case, however, has a low 5 MW gas turbine CHP plant as a baseload heat 
source. 
• The comparison of low temperature and medium temperature operation of the 
distribution network shows that the fuel reduction of the low temperature operation, 
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due to less heat loss, does not compensate for the cost increase of the pumping power 
and larger pipe size due to increased water flow requirements.  
• The district heating system consumes less primary energy annually than the current 
heat supply system of Hirosaki city. This finding is especially true for the gas case, 
consuming 43 GWh compared to 49 GWh with the current system due to the 
electricity generation by the CHP plant, replacing electricity generated by the 
conventional thermal power plants. 
• The RES case leads to considerable emissions reduction from the current system due 
to the large share of the wood chip HOB with annual emissions of 648 tons of 
CO2/year, compared to 11,460 tons of CO2/year with the current heat supply system. 
• The results indicate the economic viability of a district heating system for the 
presented case area because its annualized total cost is approximately 24% and 40% 
less than the total cost of the current heat supply system for the gas and RES cases, 
respectively. 
 Implementation of district heating systems in north Japan could play a large role in 
paving the way toward a low-carbon society in Japan because these systems provide the 
infrastructure and means for effective integration of local, centralized, renewable and waste 
heat within the built environment. Radiating heating systems are furthermore considered to 
provide better and more stable thermal comfort to building residents. There are, however, 
challenges that must be addressed further, for example, considering the type and installation 
of building and network interfaces (substations) and building distribution pipeline installation 
in already developed districts.  
 For future work, the model will be developed further in three specific aspects to 
improve the results and extend its application capability. First, to assess the economic 
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tradeoff between district heating systems and distributed heating technologies and to assess 
where the line between those two lies, in terms of network linear heat density, a distributed 
heating option will be added as a building-based heat technology. Second, to assess the 
tradeoff between cost and sustainable development, the idea is to extend the model to a multi-
objective optimization problem by adding exergy minimization as an objective function, in 
which exergy acts as an indicator of sustainability. Third, we will improve the heat generation 
technology models to achieve a better compatibility assessment of the network operation 
temperature and heat plant and to gain a better understanding of the impact of low 
temperature network operation on the system costs. 
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Figure 6.1 The town center of Hirosaki city, which is the subject of the case study. 
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Figure 6.2 Thermal load duration curve (LDC) for the case area and the discrete 
approximation divided into bins. 
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Figure 6.3 Optimal thermal power dispatch to the distribution network at each period 
(represented by bin number) for a) Gas case and b) RES case. 
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Figure 6.4 Pipeline structure and diameter size for network supplying the 17 buildings 
considered in the case study. Heat plants are located at hospital site. 
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Figure 6.5 Sensitivity analysis showing the total annualized system cost of the RES case 
versus a percentage change in fuel cost and electricity selling price. 
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Figure 6.6 Flow diagram showing the allocation of resources between technologies and energy 
service demand of Hirosaki’s current heat supply system. 
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Figure 6.7 Comparison of the unit cost of district heat of the optimization to average unit cost 
of district heat of various countries, plotted against linear heat density. 
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Table 6.1 Representative district heat load, number of hours, outdoor temperature and load 
factor for each period. 
Period 
number 
Load 
[MW] 
Duration 
[Hours] 
Outdoor temperature 
[°C] 
Load factor 
1 16.3 202 -7.3 0.95 
2 14.6 155 -5.0 0.85 
3 12.9 447 -3.3 0.75 
4 11.2 490 -1.4 0.65 
5 9.5 456 0.1 0.55 
6 7.8 664 1.8 0.45 
7 6.0 662 4.1 0.35 
8 4.3 452 6.2 0.25 
9 2.6 1347 9.9 0.15 
10 0.9 3885 19.9 0.05 
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Table 6.2 Technological parameters of the district heating technology options considered in 
this study. (AF: Availability factor). 
Type ηth ηel AF Lower 
bound 
[MW] 
Upper 
bound 
[MW] 
Gas HOBa 0.97 - 0.98d 1 20 
Gas CHPa 0.45 0.38 0.9 5 40 
Biomass HOBa 1.08 - 0.96 1 17.6 
Biomass CHPa 0.77 0.29 0.9 5 17.6 
MSW HOBa 0.95 - 0.92 1 21 
MSW CHPa 0.74 0.24 0.92 5 21 
Geothermalb 1 - 0.95 0 28 
aParameters adopted from (Energinet.dk 2012) 
bAdopted from (Baldvinsson and Nakata 2014) 
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Table 6.3 Cost parameters for the district heating technology considered in this study. In 
some instances the total O&M cost is either based on rated capacity or fuel consumption. 
Technology 
options 
Investment 
cost 
Fixed O&M cost Variable O&M 
cost 
[JPY/kW] [JPY/kW/Year] [JPY/kWhfuel] 
Gas HOB 13,600 544 - 
Gas CHP 163,200 - 0.95 
Biomass HOB 108,800 - 0.73 
Biomass CHP 353,600 3,944 0.53 
MSW HOB 163,200 7,344 0.76 
MSW CHP 1,156,000 - 2.94 
Geothermalb 36,473c 3,734 - 
aAdopted from (Energinet.dk 2012). 
bAdopted from (Baldvinsson and Nakata 2014) 
cContains additional 3,275x106 JPY that is capacity independent 
Exchange rate: 136 JPY/EUR from 13/07/2015 
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Table 6.4 Annualized cost structure and rated capacity of cost optimal technologies of the 
district heating system design scenarios. 
 Study cases 
System result Gas RES 
Cost [106JPY]   
 Ctot 505.6 398.3 
 ICpipe 20.7 20.7 
 ICplant 83.4 130 
 OMCplant 133.2 55.9 
 Cfuel 425.6 184.7 
 Cpump 7.1 7.1 
 Cel,sale 164.3 0 
DHS heat plants [MW]   
 Gas HOB 18.4 4.32 
 Gas CHP 5  
 Biomass HOB  14.73 
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Table 6.5 Pipe types considered in this study and its inner diameter, total thermal resistance 
(assumed at 0.6 m below surface) and length based cost.  
Pipe 
properties 
Pipe type 
30/118 40/118 50/152 65/152 75/176 100/210 125/228 150/272 200/311 250/362 
di [m] 0.0347 0.0395 0.0504 0.0638 0.0748 0.0956 0.117 0.137 0.182 0.225 
ξ tot [mK/W] 5.819 5.055 5.276 3.898 3.838 3.453 2.735 2.800 1.966 1.617 
Cost 
[JPY/m] 
11,400 12,200 15,900 18,300 21,200 28,600 41,500 48,900 56,900 74,800 
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Table 6.6 Total heat loss and hydraulic power (provided by pump) for LT (low temperature) 
and MT (medium temperature) distribution network operation within each bin. Unit: [MWh]. 
Operation 
mode 
Period number  
b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 Total 
Distribution network heat loss      
LT 29 21 59 61 56 78 74 48 129 265 819 
MT 34 25 70 74 67 95 91 60 167 385 1069 
Distribution network hydraulic energy from pump 
LT 34 23 59 57 45 53 41 20 37 38 408 
MT 30 21 53 51 40 48 37 18 33 35 367 
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Table 6.7 Basic data for cost assessment of the conventional system and capital and fuel cost 
for each technology. 
Conversion technology 
Specific 
costa 
[JPY/kW] 
Technical 
lifetimea 
[years] 
Efficiency 
/COPb 
Capital cost 
[106JPY/year] 
Fuel cost 
[106JPY/year] 
Space heating      
 Kerosene heater 64.6 10 0.86 207 310 
 Reversible air conditioner 135.3 10 2.07 14 22 
Water heating      
 Kerosene boiler 15.4 15 0.84 5 83 
 Gas boiler 14.1 15 0.84 1 23 
Total cost    227 439 
a Adopted from (Ashina and Nakata 2008) 
b Adopted from (Kondo 2009) 
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Table 6.8 Comparison of net primary energy consumption (PEC), CO2 emissions and total 
system cost between conventional heat supply system and district heating system. 
 Conventional heat 
supply system 
District heating system 
Evaluation criteria Gas case RES case 
PEC [GWh/year] 49.4 43.1 48.1 
CO2 emissions [ton/year] 11,460 8,433 648 
Total cost [106JPY] 666 506 398 
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7 Conclusion 
7.1 Introduction 
This doctoral dissertation presents a research work on the community heat supply system 
and attempts to develop an alternative system solution to the prevailing system paradigm in 
Japan with better thermodynamic performance leading to increased sustainability. The 
current heat supply system paradigm is facing multiple challenges. It is highly fossil fuel 
dependent with main heat sources as kerosene, gas and electricity, where all fossil fuels are 
imported. These sources are of high quality, therefore rich of exergy, and are used to supply 
low exergy demand, i.e. space heating and hot water, leading to large degradation of available 
energy in the supply process. The Japanese heating system is also based on small individual 
room heaters, which performance is getting more difficult to improve after long haul of 
efficiency improvement due to the METI top runner program. Given the large share of space 
and water heating of the total energy consumption of the building sector in Northern Japan, 
increase in sustainability of the heat supply system could have a large benefit for Japan in 
terms of energy savings, reduced greenhouse gas emissions and foreign currency savings.  
The research is based on the hypothesis that district heating system design subject to low 
exergy principles provides superior performance as a heat supply system and leads to 
increased sustainability. In order to investigate the proposed alternative high performance 
heat supply system hypothesis, the research set out with finding answers to the following 
questions. 
1. How does the community heat supply system paradigm performance compare to a 
state of art district heating system and how can the heat supply be improved towards 
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increased sustainability? 
2. Can exergy approach support high performance development of a district heating 
system and is low temperature operation feasible? 
3. Is district heating system an economically competitive option in Japan and what is its 
cost optimal design in terms of location, layout and heat supply? 
To address these questions the research topic was divided into three specific research 
tasks. Each task has its own objectives and methods were carefully selected to fulfill these 
objectives. The first task addresses question one by providing thorough exergoeconomic 
analysis on an existing heat supply system for a city in North Japan and hypothetical district 
heating system. The analysis links cost with exergy streams and provides useful information 
on thermodynamic improvement potential as well as its cost feasibility and the cost of exergy 
streams taking into account cost of consumed exergy. The second task deals with question 
two where detailed performance analysis of a low temperature district heating system is 
conducted using a geographic information based district heating system design and operation 
model. The third task deals with question three. For its solution a multi-period deterministic 
superstructure MILP district heating system planning model integrated with microscopic 
geographic information is presented. The model provides cost optimal layout and size of the 
distribution pipeline network and the size and dispatch of heat and cogeneration plants along 
with economic assessment.  
Although Japan is a highly technologically advanced country, its community heat supply 
system paradigm is inferior as thermal comfort is insufficient and holistic system planning 
approach is lacking, especially in northern part of Japan where winter temperatures go to 
subzero levels. Low temperature district heating system has a considerable potential for 
providing high performance heat supply and generates platform for local energy source 
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integration, including renewables and waste heat, and integration with other energy systems, 
e.g. electricity generation system, achieving positive synergy impact. Thus its implementation 
could play a key role for sustainable and low carbon development of local societies and urban 
communities in the future. Targeting the residential sector in addition to the public and 
commercial sectors is important in order to increase the linear heat density and economy of 
the district heating system. There are however few barriers that need special attention moving 
forward. The building stock requires better insulation for compatibility measures with low 
temperature radiating heating systems in order to pave the way for low temperature operation 
of the district heating systems. This leads to improved energy conservation of the building 
resulting in reduced energy consumption. Refurbishments of existing buildings can be costly 
and cumbersome task however, and requires further investigation on finding the optimal mix 
of building energy conservation, through renovation, and heat supply.  
This chapter provides synthesized conclusion of the research tasks and attempts to 
answer the research questions this dissertation set up with finding answers to. The key 
imperial findings are addressed according to the different research problems covered in 
chapters 4, 5 and 6; i.e. from the perspective of a) exergoeconomic analysis of community 
scale heat supply system, b) performance assessment of low temperature district heating 
system and c) cost based district heating system planning. Secondly the main implications of 
the imperial findings are discussed from theoretical and policy perspectives and the research 
limitations are laid out. Thirdly a recommendation for further research direction is provided 
from theoretical and more applied oriented perspective. The chapter, hence the dissertation, is 
finally concluded with final remarks. 
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7.2 Empirical findings 
The main findings of this research are presented in the problem specific chapters; 4. 
Exergoeconomic analysis for assessing community heat supply system, 5. 4th generation 
district heating system design and operation analysis and 6. Geographic information based 
MILP model for district heating system planning and cost assessment. The key findings and 
conclusions from each chapter are synthesized in this chapter with respect to the research 
questions and objectives, giving a unified conclusion to this work, and are listed according to 
the three chapter specific problems solved in an attempt to answer the research questions. 
7.2.1 Exergoeconomic analysis of community scale heat supply systems 
Chapter 4 presents the first research outcome of this thesis and mainly addresses 
research question one. It contains the preliminary analysis consisting of comparative 
exergoeconomic analysis of the Japanese heat supply system paradigm, referred to as 
conventional system, and a state of the art district heating system receiving heat from locally 
available heat sources and natural gas plant. For the exergoeconomic analysis a low exergy 
method based on pre-design tool from the IEA's Annex 49 is combined with the specific 
exergy costing (SPECO) approach. The whole city of Hirosaki in Aomori prefecture is 
selected as the case study. 
The results reveal that the conventional system has higher energy and exergy efficiency 
than the district heating system. This is partly due to the fact that the conventional system has 
few components that are of high energy efficiency, although the heat sources are of high 
quality leading to large exergy consumption in the conversion unit. Similarly the largest 
destruction occurs in the large scale boilers in the district heating system. The large number 
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of components of the district heating system leads to increase in energy losses throughout the 
supply chain, requiring more primary energy input to the system. The use of renewable 
energy sources leads to lower exergy efficiency difference compared to energy efficiency 
difference between the systems as they are of lower quality than the fuel (kerosene, natural 
gas, LPG and electricity) used in the conventional system. 
Due to economic synergy effect the unitary exergy cost of the district heating system is 
lower for the end products, space heating and hot water. This is due to the fact that both 
products are supplied through the same system but not separate heating units as in the 
conventional system. Consumers also benefit from the economy of scale of heating 
technologies and longer economic lifetime in case of the district heating system. This 
basically means that considering the ration that true economic value of energy lies in the 
exergy content, the district heating system is considerably more cost effective option. 
The exergetic performance, exergy cost rate distribution along with low exergy 
principles reveal the location, magnitude and cost feasibility of system’s performance 
improvement potential. Due to lack of flexibility the conventional system has little potential 
of exergoeconomic improvement except by changing to lower grade fuel or through system 
transition all together. The district heating system has however considerable performance 
improvement potential. Replacing the HOB plants by CHP plants increases the total system 
energy and exergy efficiencies to 54% and 33% respectively from 48% and 4%. The high 
exergetic performance of the CHP plants is likely to lead to lower relative cost difference of 
heat, hence lower unitary exergy cost of heat to the DHN. Furthermore by using low 
temperature emission system and adapting the building substation and in-house distribution 
system would lead to some capital cost penalty but the thermodynamic and social-economic 
benefit could be considerable, allowing for lower operation temperature of the DHN and 
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integration of more sustainable heat sources. 
7.2.2 Performance and feasibility assessment of a 4th generation district heating 
system 
Chapter 5 builds on the conclusion of the earlier chapter regarding improvement 
potential of the district heating system by introducing 4th generation district heating system 
design and operation analysis and addresses research question two. Some of the main features 
of the 4th generation district heating system concept are reduced heat carrier flow temperature 
and integrated low exergy building heating system. By applying the 4th generation district 
heating system concept, the study attempts to design a high performance district heating 
system following bottom-up and low exergy design principles. For comparison the low 
temperature district heating system design is conducted in three cases; low temperature (LT) 
case, low temperature with reduced space heating demand (LTLE) case and cascade case 
combining low temperature and medium temperature networks. A conventional medium 
temperature (MT) case is also modelled representing a conventional district heating 
operation. The model is applied on existing district in Hirosaki consisting of hospital, 
university buildings, office building and residential district. 
A radiating floor heating system model is used to see whether a low temperature heating 
system is able to provide sufficient heat output at high space heating load of existing 
buildings. The maximum heat output from the radiating floor heating system is insufficient 
for providing enough thermal comfort at cold winter days for commercial buildings with high 
space heating load intensity such as hospital, university and office building. Therefore a low 
temperature district heating (supply temperature below 70°C) might not be feasible with 
these buildings at current heat load without increasing the heating system radiating area, e.g. 
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by using radiators, or improving the building insulation. Improving building insulation to 
Danish standards for example can lead to approx. 40% space heating demand reduction and 
makes the buildings more compatible with radiating floor heating system, hence low 
temperature district heating system. 
Low temperature district heating system performs better than a conventional medium 
temperature district heating system with network energy efficiency of 99% compared to 
98.4%. At low temperature operation the network requires however a little bit larger pipe size 
due to larger flow rate demand. Dividing the distribution network according to quality level 
of the demand between high and low temperature networks using cascade configuration with 
hydraulic separation leads to higher network and system energy efficiency. This is because of 
better use of the generated heat due to less bypass flow in the high temperature network 
avoiding heating up unused flow and resulting in less heat loss. 
The network supply temperature has to be sufficiently high to meet the required 
temperature level of all consumers. According to low exergy principles the temperature 
difference between process input and output should be minimized. Preliminary analysis 
shows however that there is a trade-off between how low the supply temperature is and 
bypass flow in the distribution network that has negative impact on the network efficiency. 
This is dealt with by selecting the network supply temperature providing the minimum unit 
exergy cost of the end product. The optimal network supply temperature depends on the heat 
load intensity of the network and is lower at higher heat load due to smaller bypass flow in 
the network.  
A woody biomass based CHP plant and heat only boiler were modeled to see how it 
performs in combination with the distribution network. The plant generates most electricity at 
minimum network supply temperature as less heat is removed from the steam and more 
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income can be generated. The required fuel input to electricity generation ratio increases with 
lower supply temperature however, resulting in lower plant efficiency with lower network 
supply temperature. This shows that the price margin between fuel used and electricity is 
important for assessing the economic preference of the plant operation.  
By dividing the distribution network into two parts, high and low temperature parts in a 
cascade configuration, according to level of energy quality demand of buildings, provides 
least network heat loss and highest system energy efficiency. The relatively high network 
supply temperature results however in less electricity generation and large network exergy 
destruction leads to comparatively lower system exergy efficiency and higher primary energy 
consumption. The exergy analysis of the cascade network configuration indicates 
improvement potential however by reducing the secondary network bypass flow and avoiding 
the temperature drop in the separation heat exchanger. 
As this study task set up with finding out, low temperature operation provides the 
highest system performance. The system exergy efficiency on annual basis is 20.6% and 
17.8% for low temperature and medium temperature operation respectively. This transfers to 
6.6% less primary energy source consumption at low temperature operation compared to 
conventional medium temperature operation. This is due to better quality matching of 
network input to heat demand, less network heat loss and larger generation of valuable 
exergy in the form of electricity. Effective use of the energy source is also highly important 
for the overall system performance by generating electricity and heat rather than heat only. 
7.2.3 Cost based district heating system planning 
Research question three is mainly answered by Chapter 6, which presents a multi-period 
deterministic superstructure mixed integer linear programming (MILP) model integrated with 
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detailed geographic information for cost optimal district heating system planning. The model 
provides accurate cost optimal geographical distribution network layout according to network 
topology and geographical constraints, the optimal dispatch and location of user defined 
technology options and the breakdown of the annualized total system cost. The model is 
applied to a simple case study of a city centre of Hirosaki city in Aomori prefecture. The case 
study follows a district energy system implementation plans currently under assessment by 
Hirosaki city government. The plan involves using natural gas based conversion 
technologies, which is selected as one design case (GAS case). For comparison a case using 
locally available renewable energy sources is also introduced (RES case). The resulting 
systems for each case are compared to the currently existing heat supply system in Hirosaki 
city. 
The optimal technology mix of the GAS case consists of 18.4 MW gas heat only boiler 
and 5 MW CHP plant. The optimal technology mix of the RES case consists of 14.7 MW 
woody biomass heat only boiler and 4.3 MW gas heat only boiler. The total system cost of 
the RES case is approximately 20% lower than for the GAS case. The model finds that 
including CHP plant in the RES case is not beneficial since the design heat load of the district 
is not enough to justify electricity generation as well as the heat load duration curve has a 
steep decrease and the plants are operated with heat priority. The GAS case has however a 
baseload CHP gas plant operating continuously. 
The model takes into account pipe specific operational attributes such as heat loss and 
pressure loss and thus the model is useful for comparing network operation characteristics 
such as temperature level and mass flow rate. This feature is used to compare the cost impact 
between medium temperature and low temperature operation of the distribution network. The 
low temperature operation leads to less heat loss from the network resulting in less fuel cost. 
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This does however not compensate the cost increase due to larger pipe size and increased 
pumping power due to larger mass flow. Including small heat storage at buildings could 
however lead to decrease of the network branch pipes.  
Comparing the district heating design cases to the existing heat supply system of 
Hirosaki city reveals considerable benefit in favour of district heating system implementation. 
The district heating system is considerably cheaper with total system cost 40% lower in case 
of the RES case. Both design cases result in energy savings with lower annual primary energy 
consumption of 43 GWh/year and 48.1 GWh/year of the GAS and RES case respectively 
compared to 49 GWh/year of the existing case. The RES case has especially small 
environmental impact compared to the current system with 648 tonCO2/year against 11,400 
tonCO2/year. This gives strong indication of the economical benefit of district heating system 
introduction for local societies while increasing sustainability of the heat supply through local 
renewable source integration and reducing greenhouse gas emissions. 
The model presented shows promising results for identifying the economical location 
and layout of district heating system as well as the most economical heat supply mix. It has 
even wider application potential than demonstrated in the case study presented here. It can for 
example be used to compare the cost of pipe type options within the scope of the total system 
such as steel and plastic pipes or single and twin flex pipes. The user can also use it to 
evaluate the impact on various policy incentives on the total system cost. Furthermore it is 
helpful for assessing the economic feasibility threshold of district heating system compared to 
distributed heat generation in terms of linear heat density or area based heat demand density. 
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7.3 Discussion 
This subchapter provides discussion on the implications of the findings and contribution 
of this research work from theoretical and policy perspectives. It furthermore devotes 
sections to the discussion on the limitations that were faced by this research work as well as 
future research to further build on and advance the research presented in this thesis. 
7.3.1 Theoretical implications 
 This dissertation contributes to the state of the art theory in several aspects. It 
provides novel methodological approach as well as empirical findings deepening the insight 
and understanding of the community heat supply system performance, some of its issues and 
how to achieve more sustainable heat supply. These contributions and their implications to 
theory are presented in this section. 
The literature review revealed the lack of a comprehensive integrative methodological 
approach for thermoeconomic analysis of community scale heat supply system taking into 
account the supply source, distribution network and building installation. The novelty of the 
proposed methodology involves the combination of two different proven methods of exergy 
analysis and exergoeconomic method. The exergy analysis is based on the work of Schmidt 
who presented a low exergy design of thermally activated building components (Schmidt 
2004a) which serves as the basis for design of low exergy systems (Schmidt et al. 2011). The 
thermoeconomic relations are developed using the specific exergy cost method initially 
proposed by Tsatsaronis (Tsatsaronis 1993). 
The theoretical interest of the case study lies in the thermoeconomic comparison of 
distributed building heating system and a district heating system on a mutual basis. The 
266 
 
thermoeconomic analysis reveals the unitary exergy cost of end products where both capital 
cost and cost due to 2nd law inefficiencies at each system component are accounted for. The 
results indicate that the energy and exergy efficiencies are worse in case of the district 
heating system due to large share of combustion of energy sources at heat plants and heat loss 
in the distribution network. Despite requiring more energy input, the large share of local 
renewable heat sources such as wood biomass, MSW incineration waste heat, sewage sludge 
and geothermal heat, with the district heating system indicate that it contributes to increased 
sustainability through fossil fuel savings. This agrees with the findings of Ilic in her doctoral 
thesis, stating that increasing biofuel and industrial processes with district heating leads to 
reduced global fossil fuel consumption (Ilić 2014). 
While some studies have conducted thermoeconomic analyses of district heating 
systems, mainly geothermal based (Alkan et al. 2013; Arslan and Kose 2010), the unitary 
exergy cost of end products had yet to be addressed. The findings indicate a considerable 
thermoeconomic benefit from providing space heating and hot water from the same system 
compared to separate conversion units as in case of the conventional Japanese system. This is 
mainly due to economy of scale and longer lifetime of technology as well as lower unitary 
exergy cost of fuel input to the system. This approach can also be applied to larger number of 
end products, e.g. adding cooling to the mix. 
Low exergy principles suggest that by using low quality energy for supplying low 
quality thermal demand, e.g. of the built environment, and customize exergy supply through 
smart exergy matching reduces the total system exergy demand and thus encourages less 
primary energy source consumption (Schmidt 2009). The thermoeconomic analysis of the 
district heating system supports this claim. Using low temperature building heating system 
decreases exergy consumption to room air and leads to chain effect of reduced exergy 
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demand down the supply line. This also allows reduction of network flow temperature 
according to consumer needs, resulting in less heat loss and exergy consumption in the 
distribution network.  
Few studies have demonstrated the high performance potential of low temperature 
operation in district heating system. Torio et al. found that the exergy efficiency of the 
distribution network increases with lower supply and return temperatures (Torio and Schmidt 
2010). This study indicates however that it is not entirely true, because with lower supply 
temperature at low load conditions the temperature drop of the heat carrier in the distribution 
network increases and the bypass flow requirement increases accordingly, counteracting the 
benefit from low supply temperature. The high bypass flow rate further leads to increase in 
the flow return temperature to the heat plant, which causes increase in exergy destruction in 
the distribution network. This is consistent with the finding of Li et al., which shows that a 
lower by-pass set temperature leads to lower bypass flow and thus to higher network exergy 
efficiency (Li and Svendsen 2012).  
Low temperature district heating and building heating systems, e.g. radiating floor 
heating system and low temperature radiator, are usually applied within the context of low 
energy buildings (Dalla Rosa and Christensen 2011; Tol and Svendsen 2012a). The question 
whether low temperature heating systems are feasible at existing building heat load 
conditions has therefore been neglected for most parts. The results of this work indicate that 
radiating floor heating system is unable to provide sufficient thermal comfort of large 
commercial buildings such as hospitals, universities and office buildings in Japan at high heat 
demand intensity (corresponding to outdoor temperature below approx. -4°C) within the case 
area. This finding is consistent with the big difference in building energy standards between 
Japan and European counterparts. 
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The comparison of medium and low temperature district heating operation performance 
in terms of heat loss and hydraulic power demand is consistent with the study of Dalla Rosa 
et al. (Dalla Rosa et al. 2012), showing overall advantage of low temperature. How the 
operation temperature affects the total system performance including operation of heat 
generation plant is still questionable however. Integrating woody biomass based CHP plant 
(containing single state condensing steam turbine) with the distribution network shows that 
with lower network supply temperature the plant generates more electricity but uses relatively 
more fossil fuel. Low supply temperature, in the range of 53°C to 60°C, provides the highest 
system exergy efficiency that transfers to the largest primary energy source savings because 
the electricity replaces fossil fuel based grid electricity. This result agrees with the result of 
Ommen et al., which found that primary fuel use, and imported electricity decreases with 
lower district heating flow temperature (Ommen et al. 2016).  
The added value of using exergy for designing innovative and high performance energy 
system for buildings has been demonstrated at the building level by Jansen et al. (Jansen 
2013). The extended application of the exergy concept to community scale presented here 
demonstrates that the added value of exergy applies also for district energy system design. 
Modelling the district heating system subject to exergy principles offers qualitative approach 
and results in higher energy and exergy efficiencies, for example 27% higher exergy 
efficiency of the low temperature system compared to the conventional medium temperature. 
Exergy analysis provides quantitative assessment on the thermodynamic efficiency of the 
whole system and individual system components, indicating where and how losses can be 
prevented through alternative configuration or operation and how the system performance 
can be improved further. The results show that applying the exergy approach for whole 
system modelling inspires reduced energy source consumption and increased generation of 
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high quality product supporting local sustainable development. This supports the notion that 
exergy is a promising measure as a sustainability indicator, especially in terms of the weak 
definition of the term as suggested by Romero and Linares (Romero and Linares 2014). 
Despite showing clear sign of improved performance at lower operation temperature, it 
has been noted that low temperature district heating system requires increased mass flow and 
thus larger pipe diameter to provide sufficient heat distribution capacity (Dalla Rosa et al. 
2012). This results in increased captial investment cost. For addressing this trade-off issue a 
cost based district heating system planning model with detailed geographic information and 
pipe specific operation characteristics was created. The results show that the cost savings of 
decreased fuel consumption in low temperature operation does not compensate the increased 
cost of the pipe network and electricity for pumping power. It should be noted however that 
the supply source operation conditions were assumed as constant, independent of network 
temperatures. But many heating technologies benefit from lower district heating network 
operation temperatures as Ommen et al. have demonstrated (Ommen et al. 2016). 
The economic competitiveness of district heating system is very case specific depending 
on factors such as fuel prices, central heating availability, population density etc. Results 
show that district heating system is propitious over conventional heating system in Hirosaki 
city for the high heat load density city center. Integrating locally available energy source with 
district heating has substantially lower cost and GHG emissions than the conventional 
system. By implementing CHP plant leads to considerable primary energy savings compared 
to the conventional heat supply system. Although case specific, these result are likely to 
represent medium to large-scale cities in North-Japan, including Tohoku region and 
Hokkaido. 
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7.3.2 Policy implications 
This research work is highly relevant both from Japanese and global perspective giving 
the challenges Japan and other nations are facing as they attempt to reduce their carbon 
footprint and dependence on imported fossil fuel. Most nations have acknowledged the need 
to fight climate change with the ratification of the Kyoto Protocol and many nations have 
commenced policy schemes and incentives in order to reach greenhouse emission reduction 
goals. So far one of Japan’s key policy schemes has been METI’s frontrunner program, 
which aims at increasing the energy efficiency of various appliances. After considerable 
energy efficiency improvement since the end of the 90’s, the improvement rate is starting to 
drop as the feasible efficiency improvement potential becomes scarce due to technological 
and economical limitations. And although successful, the Top Runner approach is technology 
specific and does not provide any systematic perspective. 
Rather than trying to improve the existing system this research presents an alternative 
approach to the conventional heat supply system paradigm in Japan. The use of high 
performance district heating system fits well with the existing energy and social infrastructure 
conditions as well as being highly relevant to some of Japan’s policy schemes and future 
plans. 
The current electricity mix of Japan consists mainly of thermal power plants. In 2014 
over 90% of generated electricity came from thermal power plants based on fossil fuel 
combustion. The average efficiency of electricity generation of the thermal power plants is 
estimated as 43% (Taylor et al. 2008) with lot of the energy lost as heat in the flue gas or 
condensation of the working fluid. These thermal power plants are widely distributed around 
Japan owned by region specific electric power companies. 
Japan has one of the highest share of MSW incineration used for waste disposal in the 
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world, with about 73% of total waste incinerated in 1841 incineration plants (as of 1995). In 
1991 about 55% of treated sewage sludge was also incinerated, often in specific mono-
incineration plants (Werther and Ogada 1999). All these plants are generating valuable heat 
that goes unused for the most part.  
The share of total electricity generation coming from cogeneration plants was only 3.5% 
in 2012 with total cogeneration capacity of 9.5 GW and has the annual growth rate been 
decelerating since 2007 (Pales 2013). This small rate of CHP plant diffusion is partly due to 
lack of infrastructure able to distribute the generated heat to heat demand market and there is 
little financial incentive for industrial and commercial producers to export heat to external 
markets. The Japanese government has however ambitious goal for increasing the 
deployment of CHP plant capacity. It has outlined a roadmap for CHP expansion with the 
goal of more than doubling the CHP capacity by 2030, from 9.5 GW to 22 GW (Pales 2013). 
It is apparent that there is a tremendous potential for utilizing this heat to the benefit of 
society. Cost effective infrastructure able to distribute this heat to consumers would be of 
benefit to the heat suppliers as well as consumers. The main challenge however involves 
implementation of the costly infrastructure consisting of distribution network, pumping 
station and possibly a storage tank and creating lucrative business model for all stakeholders. 
Questions such as who would own and operate the distribution network need to be addressed 
as there might be different parties interested in supplying heat (similar to electricity providers 
to the electric distribution grid) as well as where to locate district heating system and to what 
extent. As demonstrated by this thesis a whole system solution is required taking into 
consideration the heat demand intensity and location and quantity, quality and location of 
available local resources. The results indicate that strategically planned district heating 
system targeting densely located buildings with high heat demand in city centre in northern 
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Japan could be a highly socio-economical alternative community heat supply system. 
The Ministry of Economy, Trade and Industry promotes 3R (reduce, reuse and recycle) 
policy for encouraging sustainable development of Japanese society. The increased use of 
waste heat and local sustainable heat sources fits perfectly with that policy. At the same time 
it is reducing a consumption of fossil fuels and electricity it makes use of available exergy in 
form of heat that is being emitted to the environment. Local source based district heating 
would therefore come with considerable socio-economic and environmental benefits. In that 
sense a financial incentives for encouraging local district heating system development would 
be relevant. Low interest loans and FIT for electricity generation from renewable and 
alternative energy sources are already policy options provided by the government. However 
financial and technical support needs to be improved to properly advance the implementation 
of local district heating systems. 
The Strategic Energy Plan from 2014 by the Ministry of Economy, Technology and 
Industry emphasizes the introduction of alternative energy sources in distributed energy 
systems for improving the energy self-sufficiency and energy security at the local level 
(Ministry of Economy Trade & Indstry 2014). It does however not propose any solution for 
achieving that except with further development of gas and hydrogen based micro-
cogeneration systems such as fuel cells and possible heat supply system reform. The system 
presented in this dissertation is ideal for accommodating alternative heat sources such as 
geothermal, biomass and waste heat and distribute to consumers effectively through extensive 
piping networks. 
The recent trend in research and development of district heating systems goes mostly 
towards 4th generation district heating systems (4GDH). As this research work demonstrates, 
a 4GDH operates at low temperature and provides high performance heat supply with 
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relatively low heat loss and large electricity generation ultimately leading to considerable 
energy savings compared to the current heat supply paradigm. By directing the heat supply 
system development towards 4GDH characteristics, Japan has a chance to leap frog the state 
of the art district heating system that prevails in Europe. This can be achieved by installing 
low temperature building heating system to new development areas and building heat system 
with future low operation potential for existing areas not ready for low temperature operation 
yet. That would enable the use of low exergy heat sources such as solar thermal, geothermal, 
low temperature waste heat and heat pumps for that matter. Technologies such as solar 
thermal collectors and heat pumps have higher efficiency at lower district heating 
temperature as well as most cogeneration plants benefit from increased electricity generation 
and lower return temperatures increase flue gas condensation possibility. 
There are still barriers that need to be overcome for extensive low temperature district 
heating system introduction. The building insulation standards need to be improved to pave 
the way for low temperature building radiation heating. Energy conservation of buildings is 
not included in the Top Runner Program but it is one of the most accessible and effective 
ways for demand reduction in the building sector. It can either be done through building 
refurbishment or with building reconstructions. The relatively short lifetime of buildings in 
Japan can help this development (subject to Ministry of Land’s directive of building renewal) 
(Komatsu and Endo 2000). The integration of distribution network with existing buildings 
poses also a challenge as buildings do not have the substation, radiating heating systems nor 
the distribution pipes for the heating medium. Adding the required infrastructure to existing 
buildings is however not inconceivable as it has been done e.g. in Europe. 
Japan needs to reform its current heat supply system paradigm in order to approach its 
goals of energy security, environmental sustainability and economic efficiency. With bottom-
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up system planning approach, opposed to the general top-down approach, and smart energy 
quality management by taking exergy into account, energy planners can make the most of the 
regional characteristics for obtaining high system performance and effective use of locally 
available resources. Due to lack of public awareness, heat market and implementation 
experience, national or city government should take the forefront for leading a model project 
that can be benchmarked for other locations in Japan. Rather than focusing on metropolises in 
central Japan, the target location should be city district in northern Japan where the heat 
demand is more likely sufficient to justify the construction of the costly infrastructure. Using 
district heating system design model as proposed in this dissertation is useful for energy 
planners for identifying economic implementation strategy in terms of network location and 
extension, heat source used as well as operation strategy.  
7.3.3 Research limitations 
The scope of this study includes community scale heat supply system consisting of 
demand side, distribution and supply side. The methodological approach is based on system 
approach to see how change in design or operation of subsystems affects the whole system. 
This entails some limitations on the information gathering and mathematical modeling faced 
by this research.  
Given the large scale of the study area, a city or city district, the research relies on 3rd 
party data for demand profiles but not accurate building specific measurements. The demand 
model calibrates data from prefecture specific extensive database on energy consumption for 
different building and demand types. One of the drawbacks of the data is that the data is 
based on fuel consumption rather than true demand. This is fine for water heating and 
electricity demand but it’s likely to distort the space heating demand as the building space of 
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Japanese residential buildings is often under heated compared to continuous heating by 
radiating heating panels. Therefore the space heating demand in terms of uniform thermal 
comfort within the building confined space is likely higher than the consumption data for 
space heating reveals. 
Domestic hot water supply is subject to certain regulation in order to secure sufficient 
sanitation level and prevent legionella. The regulations are country specific and usually entail 
that the temperature of the hot water in distribution lines should not go below certain value at 
any time. In Europe for example this value is no less than 50ºC and in some cases 5 to 10ºC 
higher. This obviously limits low temperature supply to buildings unless specific hot water 
treatment or distribution configuration measures are carried out. For the sake of arguement 
the domestic hot water regulation was mostly overlooked in the research conducted for this 
thesis. 
Another issue is that many conversion technologies are modeled as a black box using 
empirical numbers for their performance simulation. This includes components such as 
boilers, cogeneration units, heat exchangers and pumps. This is not likely to have big impact 
on the overall results however. The most varying and location specific system component 
considerably the most influential for district heating system modeling, the distribution piping 
network, is however modeled in accurate fashion, revealing detailed design and operation 
characteristics. The model would however benefit from simulating or approximating the 
impact that temperature level and even flow rate has on the operation performance of 
thermally active components. The biomass cogeneration plant in Chapter 5 is modeled in 
such manner, where its performance is based on the supply and return temperatures of the 
district heating network and the partial load operation. 
The target area of the studies presented in chapters 4 to 6 contains buildings of various 
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types and sizes. In practice the building installation, including substation, building 
distribution pipes and radiation panels, would be customized according to the building 
typology and size, e.g. whether it is public, commercial or residential building. For sake of 
simplification a generalized substation and radiating floor heating system and radiator system 
models were applied, irrespective of building type and size, based on the assumption that 
distribution pipes could be installed in the building. This was to generate accurate enough 
operation profiles in terms of mass flow demand and input and output temperatures of 
buildings, fitting the scope of the study. 
The research work of this dissertation compares variations of district heating 
configurations and the Japanese distributed heat supply system paradigm. It does however not 
take into account other alternative distributed heat generation technologies of relevance such 
as micro cogeneration systems, solar thermal collectors and ground source heat pumps which 
could be feasible options in rural or sparse building developments. Adding alternative 
distributed heat generation systems for economic and performance analysis in future research 
work would enhance the results presented by this work.  
7.3.4 Research recommendations 
This dissertation presents a fundamental performance analysis of the Japanese heat 
supply system paradigm and demonstrates the high performance potential of district heating 
system operation using exergy approach along with proposing a cost optimization method for 
its design and assessment. The scale of the topic and its various layers requiring attention 
shows that there is still considerable need for further research to develop complete policy 
agenda for sustainable community heat supply system. Including the following topics in 
future research on local heat supply systems, helps reaching the primary goal of 
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sustainability. 
• Improved quantitative and qualitative geographical analysis of various local 
available energy sources useful for heat supply. Chapter 4 provides case specific 
quantitative and qualitative analysis of locally available heat sources including woody 
biomass, geothermal, MSW incineration plant waste heat and sewage sludge. More 
general analysis including geographical location of sources for accurate integration 
feasibility assessment and inclusion of renewable sources such as solar thermal and 
wind coupled with heat pump gives more comprehensive view on the potential local 
heat sources. Conducting this analysis for more cases with different regional 
characteristics would furthermore give better picture on the source potential between 
cities with different characteristics. 
• Feasibility assessment of providing cooling as a product in a district heating and 
cooling system. The case area here was selected due to cold and severe winters with 
feasible conditions for district heating system. Assessing a district heating and cooling 
system in region with less cold winter and hotter summer would be interesting for 
seeing if the economic efficiency of the system increases with better utilization in 
summer time. This is especially interesting for Japan as many regions have strong 
seasonal characteristics with around 20°C difference between average outdoors 
temperature in summer and winter. This would shed the light on how a cooling would 
fit with the local energy sources at minimum exergy waste. 
• District heating and distributed generation trade-off analysis. The MILP district 
heating network planning model proposed in Chapter 6 considers only district heating 
system. Adding distributed building based generation technologies would provide 
information on under what conditions the district heating system implementation is 
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more feasible option and vice versa. Example of distributed heat generation 
technologies include solar thermal collectors, micro-cogeneration system based on 
conventional energy source or renewable energy source, fuel cell and heat pump 
along with heat storage. This could further improve the assessment on economic 
feasibility threshold of district heating system in terms of linear heat density. 
• Assessing high exergy performance and cost trade-off in a multi-objective 
analysis. Chapters 4 and 5 demonstrate the importance of considering exergy when 
designing a system containing thermally active components for qualitative matching 
of sources and demand and achieving high performance. The MILP design model 
proposed in Chapter 6 does however not take exergy into account in the optimization 
process. Extending the model to multi-objective optimization with minimizing the 
exergetic cost as additional objective function to minimization of cost would provide 
information on the trade-off between the two through set of Pareto frontiers. Post 
analysis could also show how the minimum exergetic cost would affect sustainability 
goals in terms of energy savings and environmental impact. 
• Comparative study on building energy conservation and heat production. As 
discussed in this thesis the building insulation codes are considerably milder in Japan 
than in its European climatic counterparts. There is therefore a considerable potential 
for reducing energy consumption for heating and cooling. A cost assessment on 
building refurbishment measures for increasing the building thermal insulation would 
provide valuable information on whether and how much to improve energy 
conservation versus heat supply to building by district heating system. It could also 
demonstrate the impact the energy conservation has on low temperature building 
heating potential. 
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• Dealing with low temperature district heating system design and operation 
issues. As demonstrated in this thesis the low temperature operation of a district 
heating system poses several issues that could be addressed in further research. One 
issue involves how to avoid large bypass flow at low heat load conditions, causing an 
increase in the return temperature to the heat plant? Another issue involves the limit 
that legionella safeguard regulation puts on the low temperature operation of district 
heating system and assess any possible measures to neutralize the regulation. 
Investigating whether the larger pipe diameter requirement of low temperature district 
heating network can be mitigated by alternative system configuration, e.g. by 
including central or building based storage tanks, would also be of interest. 
7.4 Final remarks 
 The global challenge of climate change due to anthropogenic greenhouse gas 
emission is imminent and requires nations to take any possible actions to mitigate the impact 
of greenhouse gases at local level. Despite being highly technologically advanced nation, the 
heat supply system in Japan is lacking in many aspects including insufficient thermal 
comfort, high fossil fuel dependency and whole system planning approach. Japanese national 
and city governments and policy makers are bound to address this problem sooner than later 
in order to achieve low carbon development. This thesis deals with the shortcomings of the 
Japanese heat supply paradigm through advanced analysis and by proposing a district heating 
system as an alternative heat supply system. 
 The 4th generation district heating system (or low temperature district heating system) 
shows a great potential for high performance heat supply due to reduced heat loss, improved 
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exergy matching of supply and demand and potential integration of low temperature heat 
sources with positive impact on supply technologies. It further generates platform for local 
renewable energy and waste heat source integration with the community building stock. By 
concentrating community heat supply system developments towards the 4th generation district 
heating system can play a key role for sustainable development and achieving low carbon 
communities. Despite increased hardware requirement in terms of piping network compared 
to the currently prevailing individual small-scale heaters, results indicate that district heating 
system would possess a considerable socio-economic benefits due to economy of scale and 
synergy effect of co-production of space heating and hot water. This is especially true in 
Northern Japan where demand condition are desirable and by including the residential sector 
in order to increase the linear heat density of the distribution network. 
 A more holistic system approach is required in order to ensure harmony and 
compatibility between all the interacting system components of the district heating system. 
This is achieved through bottom-up approach, providing information on the required input of 
each component and avoiding oversizing and overproduction. This thesis supports that claim 
by showing that the building energy codes of Northern Japan might have to be improved with 
stricter insulation standards in order to make low temperature heating system a feasible 
option. This in turn leads to increased energy conservation of the building stock, reducing its 
energy demand, which transfers to less thermal and financial capital load of the heat supply 
system. The distribution network operation further needs to be adjusted to consumer 
buildings’ thermal and mass flow needs, just as the heat production plants should be 
customized according to the network load profile and operation level to achieve optimal 
system solution. 
A key variable to consider for successfully achieving high performance community heat 
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supply planning is exergy, which provides approach to the thermodynamic ideal and links 
energy with environment and sustainability. The exergy concept is mostly neglected by 
energy system planners and designers of today. However as the results of this thesis 
demonstrate, considering exergy in addition to energy for thermally active system 
development provides better thermodynamic performance of the system and reduces the high 
quality primary energy resource consumption. It is therefore highly recommended to energy 
professionals and engineers to start applying the exergy approach in practice. 
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